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Dana  Redington,  Ph.D. 


Background. 

The  High  Throughput  MicroPhysiometer  (HTuP)  system  is  a  set  of 
two  programs.  There  is  the  acquire  side  program,  Mas- 
ter.Acquire.l.5.vi.,  and  the  display  side  program,  Master.Display.vi. 
The  computers  that  use  these  two  pro^ams  are  referred  to  as  the 
"Allen"  and  "Gertrude"  sides,  respectively.  Both  programs  are  writ¬ 
ten  in  National  Instruments  Lab  VIEW  (Version  3.1.x).  These  pro¬ 
grams  require  a  large  amovmt  of  memory,  on  the  order  of  50  + 
MBytes  for  about  three  hours  of  data:  they  store  and  process  all  data 
in  random  access  memory. 

This  document  describes  the  general  requirements  and  usage  of  the 
Gertrude  side  of  the  HTuP  system. 
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Dana  Redington,  Ph.D. 


System  Requirements 

Allen  side  computer 

Macintosh  Quadra  800  with  system  7.1  or  higher 
~72  MB  RAM 
1  GB  hard  disk 
NuLogic  Board 

National  Instruments  GPIB  Board 
National  Instruments  DIO  board 
Lab  VIEW  3.1;  set  to-  60MB 
1  Sony  17se  monitor 


Gertrude  side  computer. 

Macintosh  Quadra  840  with  system  7.1  or  higher 
-72  MB  RAM 

1  GB  Hard  disk 

National  Instruments  GPIB  Board 
Lab  VIEW  3.1;  set  to-  60MB 
Radius  8xJ  Video  Card  or  equivalent 

2  Sony  17se  monitors 


The  two  computer  systems  are  interconnected  via  the  serial 
(Modem)  ports,  GPIB,  and  Ethernet  connections.  During  the  run¬ 
ning  of  an  experiment  timely  communications  are  aperiodically 
exercised  via  serial  and  GPIB  transactions  on  both  computers. 
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The  Gertrude  side  of  things. 

The  Gertrude  side  of  the  HTuP  system  is  loaded  into  memory  by 
double  clicking  the  Master.Display.vi  in  the  GertrudeSide/  folder. 


m 

i  Gertrudesidef  =Sq 

2  items  251 .6  MB  in  disk  24^ 

Master  .Display .  1 .5vi 

P^Display  .sub  .vis 

O 

O 

0 

Figure:  The  GertrudeSide/  folder. 

The  process  of  loading  Lab  VIEW  and  all  the  virtual  instruments, 
approximately  125  Vis,  that  make  up  the  HTuP  system  will  take  a 
few  minutes.  After  the  system  is  loaded  the  following  VI  should 
appear  in  the  left  hand  region  of  the  desktop. 

The  Master.Display.l.S.vi  has  three  important  areas  of  controls 
(see  figure  below).  These  are  the  menu  bar  at  the  top  of  the  VI,  a  set 
of  button  controls  on  the  left  side  of  the  VI,  and  a  set  of  four  digital 
controls  on  the  upper  right  side  of  the  VI.  In  the  menu  bar,  the  appli¬ 
cation  is  nm  by  depressing  the  "right  arrow."  When  the  program  is 
running,  there  are  three  relevant  button  controls  that  provide  func¬ 
tions  for  acquiring  data,  reviewing  data,  and  quitting  the  applica¬ 
tion.  These  buttons  are  the  ACQUIRE  DATA  button,  the  Review 
Acquired  Data  button,  and  the  QUIT  button,  respectively.  Finally,  of 
the  four  digital  controls,  the  MAXDATA  control  provides  a  means 
for  setting  the  maximum  number  of  data  samples.  A  sample  is 
equivalent  to  one-seconds  worth  of  data,  i.e.,  a  record  of  40  points 
for  each  of  32  channels.  (This  system  is  capable  of  varying  the  num¬ 
ber  of  sample  points,  i.e.,  pts/swp,  between  40-50.  It  is  also  capable 
of  changing  the  number  of  packets  per  srq  to  2.  And  the  number  of 
chaimels  can  also  be  increased.  However,  these  variables  are  for 
future  versions  of  the  system.).  So,  the  controls  should  be  set  as  in 
the  figure  below,  i.e.,  to  32, 40,  and  1  for  #chans,  pts/swp,  and  pkts/ 
srq,  respectively. 
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Run  Arrow 


Button  control  for 
beginning  display  of 
acquired  data 


Button  control  for 
beginning  display  of 
reviewing  data 


Button  control  for 
Quitting 
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Numeric  Control  for 
number  of  samples 


Figure:  Master.Acquire.l.5.vi 
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Running  Gertrude. 


Running  Gertrude  is  accomplished  by  performing  the  following 
steps: 


1.  Confirm/Set  the  number  of  samples.  A  default  value  appears 

in  the  digital  control.  This  number  should  be  the  same  num¬ 
ber  used  on  the  Allen  side. 

Note:  Typically,  the  other  three  digital  controls,  #chans,  pts/ 
swp,  and  pkts/srq,  should  NOT  be  changed.  Also  these  num¬ 
bers  must  be  identical  to  those  on  the  Allen  side  of  things. 

2.  Depress  the  run  arrow  on  the  front  panel  of  the  Master.Dis- 

play.l.S.vi. 

3.  Press  ACQUIRE  DATA  button. 

A  few  moments  will  pass  and  a  new  window  will  appear  on  the 
desktop.  This  window  is  quaddisplay.ad.vi.  It  is  shown  in  the  fig¬ 
ure  below. 
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Quaddisplay.ad.vi 

The  quaddisplay.ad.vi  is  the  main  window  for  viewing  data.  It  is 
shown  in  the  figure  below. 


Figure:  Quaddisplay.ad.vi 


The  VI  Quaddisplay.ad  shows  32  graphs  and  a  number  of  controls 
on  the  lower  right  hand  comer  of  the  window.  The  32  graphs  are 
arranged  in  groups  of  four  corresponding  to  the  eight  flow  channels 
of  the  LAPS.  The  arrangement  of  the  flow  channels  is  shown  in  the 
figure  below. 
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Figure:  Channel  Flow. 


A  close  up  of  the  controls  for  this  VI  are  shown  in  the  following  fig¬ 
ure. 


Figure:  Quaddisplays  controls. 


The  following  table  describes  the  main  controls  of  this  window. 
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Table  1:  Description  of  Quaddisplays  controls. 


Name 

Description 

Comment 

Index 

indicates  current  sample 
number 

Backlog 

indicates  number  of  bytes  to 
be  processed 

SerialBuff 

indicates  number  of  bytes  in 
buffer 

Adaptive  fit 

indicates  whether  training 
of  nearest  x  is  in  process 

Train  nearest 

control  to  turn  on  or  off  the 
process  of  averaging  x  val¬ 
ues. 

can  be  activated  any  time  while  running. 

Data  From 

control  for  source  of  data. 
Typically  either  Serial  or 
from  disk 

this  should  be  checked/set  before  pressing 

GO. 

Samples 

indicates  the  number  of 
maximum  samples 

this  number  is  pulled  from  the  Master.Dis- 
play.vi. 

Try  again 

a  control  to  attempt  re¬ 
establishing  communica¬ 
tions  with  Allen. 

this  should  be  used  when  Allen  has  stopped 
responding  to  Gertrude. 

indicates  if  communica¬ 
tions  with  Allen  have  been 
stopped. 

If  communications  have  been  stopped  then 
Allen  is  ignored  until  the  “Try  again”  button  is 
pressed. 

Divider 

a  control  counter  for  deter¬ 
mining  when  graph  updates 
should  occur 

This  number  can  be  1 .  If  “Divider”  is  set  to  10 
then  updates  will  occur  every  10  seconds. 

Detail.divider 

a  control  counter  for  deter¬ 
mining  when  the  detail  dis¬ 
play  is  updated  when  open. 

This  number  can  be  0  resulting  in  continuous 
updates  of  the  detail  display.  If  the  number  is 
greater  than  1  then  updates  will  occur  at  inter¬ 
vals  of  “Detail.divider”  in  seconds. 

Current 

#packets 

a  control  for  setting  the 
number  of  packets  per 
transfer. 

This  number  should  be  between  4  and  8. 4  for 
regular  transfers  and  8  for  catching  up. 
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Table  1:  Description  of  Quaddisplays  controls. 


Name 

Description 

Comment 

rec  offset 

a  control  for  setting  the  off¬ 
set  into  the  current  data 

This  number  should  be  0  for  keeping  the  data 
on  the  display  side  identical  to  that  on  the 
acquire  side. 

Graph  Dis¬ 
play  of 

a  control  for  selecting  the 
type  of  graph;  Vpip,  S 
curves,  algorithm  curves, 
closest  X,  or  rate 

Any  of  the  five  graphs  can  be  selected.  It  will 
take  a  few  moments  to  update  all  32  sites  to 
the  selected  graph  type. 

Quantitative 

calcs 

a  control  for  selecting  the 
type  of  tabled  calculations 

Normally  set  to  None.  It  is  used  for  viewing 
numerical  noise  analyses  of  all  32  sites. 

update 

a  control  to  set  updating  on 
or  off.  On  will  update 
graphs.  Off  will  not. 

Normally  this  is  on  for  displaying  data.  It  can 
be  turned  off  momentarily  to  enable  expedit¬ 
ing  the  process  of  catching  up  to  Allen. 

#ptstoplot 

a  control  to  set  the  maxi¬ 
mum  number  of  points  per 
graph  (except  for  S  curves 
and  algorithm  curves). 

The  minimum  is  1  and  the  maximum  is  1500. 
However  the  number  should  be  reasonable. 

The  more  points  per  plot  the  longer  it  takes  to 
update  the  graphs. 

Make  default 

now 

a  button  used  to  reset  the 
window  width  that  algo¬ 
rithm  uses  to  calculate  the 
peak  in  the  d2  curve. 

This  is  used  when  initial  characterization  of 
the  curves  fails  as  a  result  of  faulty  data  at  the 
beginning  of  data  collection. 

Update.now2 

a  button  used  to  reset  the 
window  width  around  the 
currently  trained  “center”  of 
the  d2-S  curve. 

This  is  used  following  the  “Make  default 
now”  control  in  order  to  retrain  the  algorithm 
for  optimal  processing  of  S  curves. 

Ymax 

a  control  to  set  the  maxi¬ 
mum  y  value  of  the  32 
graphs  when  the  control 
“Now”  is  set. 

This  is  extremely  useful  for  setting  the  upper 
limit  of  all  graphs  to  the  same  level,  e.g., 
when  viewing  Vpip’  or  Rate  graphs. 

Ymin 

a  control  to  set  the  mini¬ 
mum  y  value  of  the  32 
graphs  when  the  control 
“Now”  is  set. 

This  is  extremely  useful  for  setting  the  lower 
limit  of  all  graphs  to  the  same  level,  e.g., 
when  viewing  Vpip’  or  Rate  graphs. 

scales  type 

a  control  to  select  the  type 
of  scaling:  manual, 
auto  now,  auto 

The  “auto”  mode  is  for  general  use.  The 
“manual”  mode  is  for  fixing  the  graphs 
according  to  Ymax  and  Ymin  controls. 
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Table  1:  Description  of  Quaddisplays  controls. 


Name 

Description 

Comment 

now 

a  button  to  enable  the  scal¬ 
ing  function. 

This  requires  “cpu”  cycles  and  is  typically 
used  momentarily  to  apply  the  Ymax  and 

Ymin  scales  to  all  32  graphs. 

DetailRate 

Display 

a  button  to  turn  on  the 

Detail  Rate  Display. 

see  the  section  on  the  Detail  Rate  Display. 

Reset  Scaling 

a  button  to  examine  Nemst 
values. 

see  the  section  on  Set.sys.params. 

Reset  Offsets 

a  button  to  reset  the  offset 
values  of  the  Vpips’  graphs 

see  the  section  on  training  the  data. 

Calc  Slopes 

a  control  to  turn  on  the  cal¬ 
culation  of  slopes 

left  over  from  an  version  1.0;  should  always 
be  on. 

On(CycIes) 

a  numeric  control  to  set  the 
number  of  on  cycles 

This  must  be  set  before  GO  is  pressed  and 
should  be  the  same  as  the  Allen  side. 

Offfcycles) 

a  numeric  control  to  set  the 
number  of  off  cycles 

This  must  be  set  before  GO  is  pressed  and 
should  be  the  same  as  the  Allen  side. 

#points.skip 

a  numeric  control  to  set  the 
number  of  points  to  skip  for 
slope  calculations 

this  number  should  be  >  4.  It  also  must  be  set 
before  pressing  GO 

#points  to  use 

a  numeric  control  to  set  the 
number  of  points  used  for 
slope  calculations. 

This  number  must  be  set  correctly  before 
pressing  GO. 

GO 

a  button  used  to  begin  the 
displaying  of  data 

This  button  should  only  be  used  after  ail  other 
controls  have  been  checked  for  appropriate 
values. 

32  channel 
button  array 

A  button  array  for  choosing 
a  channel  for  the  detail  dis¬ 
play. 

Selecting  a  channel  will  open  the  Detail  Dis¬ 
play  window. 

Several  additional  windows  can  be  opened  from  this  main  window. 
The  additional  windows  are  Set.sys.params,  Detail  Display,  and 
Detail  Rates.  These  are  described  in  the  following  three  sections. 


Dana  Redington.  Ph.D. 


1  May  1995-  working  draft 


Molecular  Devices  Inc., 


Company  Confidential 


12 


Setsys.params 

Set.sys.params  is  opened  by  depressing  the  Reset  Scaling  button. 
This  window  is  used  for  examining  various  variables  associated 
with  graphing  data  and  in  calculating  rates.  The  Nemsi  constants 
are  also  displayed  in  this  window.  Set.sys.params  is  shown  in  the 
figure  below. 


Figure:  Set.sys.params.vi 


The  Set.sys.params.vi  is  used  for  reviewing  and  setting  the  variables 
associated  with  processing  the  data  and  displaying  of  graphs.  This 
is  particularly  important  for  either  viewing  the  calibrated  Nemst 
coefficients  taken  from  a  known  pH  shift  or  by  "getting"  a  previous 
calibration  file.  Each  of  the  controls  and  indicators  are  described  in 
the  following  table. 
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Table  2:  Description  of  Set.sys.params  controls. 


Name 

Description 

Comment 

32chan  Vpip 
scaler 

two  numeric  controls  for  setting 
the  scale  factor  and  y  offset 
when  displaying  a  Vpip  graph. 

typically  this  is  not  modified  here,  rather 
automatically  set  for  common  baselines 
using  the  “reset  offsets  button”  on  the 
main  control  panel 

RawValues 

two  numeric  controls  for  setting 
the  scale  factor  and  offset  when 
displaying  a  raw  value  graph. 

The  graph  will  be  scaled  in  mpH  if  cali¬ 
brated  Nemst  coefficients  are  used.  The 
default  values  should  be  used  and  not 
modified. 

yHist 

two  numeric  controls  for  setting 
the  scale  factor  and  y  offset 
when  displaying  a  Vpip  graph. 

the  graph  will  be  in  scaled  dac 
counts.The  default  values  should  be  used 
and  not  modified. 

deriv.curves 

two  numeric  controls  for  setting 
the  scale  factor  and  y  offset 
when  displaying  a  derivative 
graph. 

The  default  values  should  be  used  and  not 
modified. 

Rates 

two  numeric  controls  for  setting 
the  scale  factor  and  y  offset 
when  displaying  a  Rate  graph. 

The  default  values  should  be  used  and  not 
modified. 

Vbias.step 

a  numeric  control  for  setting  the 
bias  step. 

Typically  25  mV. 

Reset 

a  button  used  to  force  the  pH 
scale  function  into  the  32  chan¬ 
nel  array  of  ph.scale  factors 

ph  scalef 

a  numeric  control  for  setting  the 
ph  scale  factor. 

Vpips.scales 

a  cluster  of  two  arrays  for  set¬ 
ting  the  ph  scale  factor  and  off¬ 
set. 

Reset  - 
Nemst.coeffs 

a  button  used  to  force  the  default 
Nernst  value  (in  the  box  to  the 
right)  into  the  32  channel  array 
of  Nemst  coefficients 
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Table  2:  Description  of  Set.sys.params  controls. 


Name 

Description 

Comment 

Nemst.coeffs 

a  numeric  array  of  Nemst  coeffi¬ 
cients  for  each  of  the  32  chan¬ 
nels  of  the  LAPS. 

pH.rate.adj 

a  numeric  control  for  setting  the 
number  of  millivolts  per  pH  unit 
when  calculating  rates. 

Typically  60.0 

Multi  channel 
graph. 

an  indicator  that  displays  a  plot 
of  the  nemst  values  for  all  32 
channels 

This  is  used  to  evaluate  the  calculated 
coefficients  across  the  32  sites. 

Get 

a  button  to  retrieve  a  previously 
saved  Nernst  coefficient  data 
file. 

This  should  be  used  to  retrieve  a  Nemst 
data  file  at  the  beginning  of  an  experi¬ 
ment. 

Save 

a  button  to  save  the  current 
Nemst  coefficients  as  a  datafile. 

This  should  be  used  after  a  pH  shift  cali¬ 
bration  sequence  has  been  performed. 

The  saved  data  file  will  accurate  reflect 
the  current  state  of  the  32  LAPS  sites. 

Continue 

a  button  to  return  to  the  main 
display. 

This  function  must  be  used  in  order  to 
leave  this  control  panel  and  return  to  the 
main  window. 

f 


i 
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Detail  display 

The  Detail  display  is  opened  automatically  when  a  channel  is 
selected  from  the  32  channel  button  array  on  the  main  window.  A 
figure  of  the  window  is  shown  below. 


Figure  Detail  Display. vi 

The  detail  display  is  composed  of  five  graphs  on  the  left-center  of 
the  window  and  a  number  of  controls  on  the  right  of  the  window. 
These  are  described  in  the  table  below. 


Table  3:  Detail  Display  controls. 


Name 

Description 

Comment 

Top  graph 

displays  Vpips’  (actually  calculated 
pH  values)  for  the  data  collected 

Cursor  1, 2,  and  3  are  used  for  sev¬ 
eral  important  functions. 
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Table  3:  Detail  Display  controls. 


Name 

Description 

Comment 

Middle  graph 

displays  y(x)History; 

Rate  graph 

The  graph,  third  from  the  top,  displays 
the  rate  points  for  an  experiment. 

Lower  Left 
graph 

displays  S  curves,  that  is  fundamental 
data,  and  difference  in  S  curves. 

This  graph  is  used  for  examining 
the  signal  integrity,  and  in  evaluat¬ 
ing  the  noise  present  in  the  S 
curves. 

Lower  Right 
graph 

displays  the  result  of  convolving  2  s 
curves. 

the  left  and  right  vertical  bars 
denote  the  window  within  which 
the  maximum  peak  in  the  curve  is 
search  for. 

Current  index 

indicates  the  current  data  sample 

Current  Chan¬ 
nel 

indicates  which  of  the  32  sites  is  cur¬ 
rently  being  displayed 

Make  Same 

Now 

control  to  calculate  Nemst  values 

This  uses  Cursor  1,  Cursor  2,  and 
the  with  pH  shift  to  perform  a  cali¬ 
bration. 

with  pH  shift 

a  known  pH  shift  (used  with  the 
above). 

Limit  Graphs 

a  switch  to  turn  on  graph  maximum 
points 

used  with  the  top  two  graphs  of  this 
window  to  restrict  the  number  of 
points  plotted.  Fewer  points  plotted 
results  in  faster  plotting  speed. 

graph  pts 

a  control  for  setting  the  maximum 
width  of  Vpip  and  yxHist  plots 

This  is  only  used  when  the  “Limit 
Graphs”  button  is  set. 

Offset 

a  control  for  setting  the  offset  in  sam¬ 
ples  into  the  data,  i.e,  ignoring  the  first 
n  points. 

This  is  used  in  the  top  two  graphs 
and  can  restrict  the  amount  of  data 
plotted. 

Absolute 

a  switch  to  set  use  of  absolute  index¬ 
ing  versus  relative  to  the  last  point  col¬ 
lected. 

This  is  used  with  the  top  two 
graphs  and  restricts  how  much  of 
the  data  is  plotted. 

Abs.start 

a  control  for  setting  the  start  point  for 
plotting. 

This  value  sets  the  left  hand  side  of 
the  data  window  that  is  plotted. 

Abs  end 

a  control  for  setting  the  ending  point 
for  plotting. 

This  value  sets  the  right  hand  side 
of  the  data  window  plotted. 
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Table  3:  Detail  Display  controls. 


Name 

Description 

Comment 

Strip  n  points 

a  switch  for  stripping  a  number  of 
points  from  the  RATE  graph 

this  is  used  to  ignore  n  points  from 
the  Rate  graph. 

points 

a  control  for  setting  the  number  of 
points  to  “strip”  from  the  data. 

This  is  typically  set  to  2  to  elimi¬ 
nate  aberrant  rate  data. 

Cursor  Select 
of  point 

a  switch  indicating  which  point,  as  ref¬ 
erenced  by  cursor  3,  is  to  be  plotted  in 
the  lower  two  graphs 

If  this  is  set,  then  the  location  of 
cursor  3  will  be  used  to  index 
which  S  and  algorithm  curves  are 
plotted. 

32  channel 
array 

a  32  button  control  to  select  which 
channel  of  data  is  to  be  displayed. 

Manual  Chan¬ 
nel 

a  switch  to  turn  on  manual  channel 
indexing. 

Revise.Now 

a  button  to  update  the  graphs 

only  works  if  “update”  is  on  quad- 
displays.vi. 

time(msec) 

an  indicator  showing  the  time  to 
update  graphs. 

Close  Detail 
Display 

a  button  used  to  close  this  window. 

This  must  be  used  to  close  the  cur¬ 
rent  display  and  return  to  the  main 
window  control  window. 
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Detail  Rate  Display 

The  detail  display  is  activated  by  depressing  the  DetailRate  Display 
button  on  the  quaddisplays.ad.vi.  This  window  is  used  for  examin¬ 
ing  rate  data  across  all  32  charmels.  The  window  is  composed  of  a 
multicharmel  graph  on  the  left  of  the  window  and  several  controls 
on  the  right  of  the  window.  The  window  is  shown  below  followed 
by  a  description  of  the  controls. 


Figure:  Detail  Rate  Display. 
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Table  4:  Detaii.rate  controls 


Name 

Description 

Comment 

Mu’tichannel  graph 

a  display  of  rate  data  for  selected 
channels 

This  is  used  to  plot  the  rate 
data  of  various  channels  on 
a  single  graph  for  compari¬ 
son  purposes. 

32  button  array 

an  array  of  32  buttons  used  to 
select  which  sites  are  displayed. 

Pressing  any  of  the  32  but¬ 
tons  turns  on  the  graph  for 
that  site.  More  than  one  site 
can  be  turned  on  at  the 
same  time. 

Normalize.Now 

a  button  used  to  normalize  all  data 
within  a  channel  to  a  certain  “at” 
point. 

This  enables  setting  the  dis¬ 
play  of  rate  data  to  the 
same  relative  level. 

at 

a  numeric  control  to  select  a  point 
to  normalize  at. 

This  is  used  with  the  “Nor¬ 
malize.Now”  button. 

Normalize  with 

a  button  to  normalize  a  particular 
value 

This  is  used  to  set 

with 

a  particular  value  used  in  normaliz¬ 
ing  rate  data. 

Multiplier  Value 

a  numeric  control  for  determining 
scaling  of  the%  of  change. 

This  is  similar  to  a  zoom 
function. 

Offset  value 

a  numeric  control  for  determining 
the  minimum  display. 

This  is  used  to  set  the  lower 
threshold  of  plotting  data. 

time(msec) 

an  indicator  displaying  the  dura¬ 
tion  in  msec  for  plotting  the  last 
multiplot  graph. 

Close  Detail  Display 

a  button  used  to  close  the  detail 
display. 

This  must  be  used  to  close 
this  window. 
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Training  on  the  Data. 

Training  on  the  data  is  an  important  pre-requisite  for  conducting  a 
good  experiment  that  yields  meaningful  data.  Training  is  required 
to  time  the  algorithm  used  in  rate  calculations  and  involves  a  sev¬ 
eral  step  process,  this  is  done  automatically  at  the  beginning  of  each 
experiment.  However,  if  the  initial  data  is  unstable  then  the  auto¬ 
matic  calibration  will  fail  to  yield  useful  results;  it  must  be  redone 
manually,  the  following  training  steps  can  be  followed: 

Make  sure  that  the  Detail  display  is  open  and  that  the  quaddis- 
play.vi  "Graph  Display  of"  is  set  for  d2x  curves.  The  update  button 
should  also  be  asserted. 

1.  Depress  Make.default  now.  This  will  reset  the  algorithm  window 
to  full  width.  As  a  result  of  this  the  "peak  point"  should  be  correctly 
indicated  for  all  32  channels. 

2.  Wait  for  a  stable  flow  ON  period. 

3.  Set  #  ptstoplot  on  Quaddisplays  to  a  reasonable  number.  A 

number  of  between  12-20  is  reasonable.  This  number  represents  the 
number  of  values  to  train  on. 

4.  Assert  Train  nearestx.  This  will  average  out  the  best  yxHist  value. 
This  should  be  left  on  for  a  number  of  samples,  about  12. 

5.  Deassert  Train  nearestx.  This  will  stop  the  averaging  process. 

6.  Depress  Update.now2.  This  will  apply  the  averaged  values  to 
determine  the  optimal  window  for  each  of  the  32  channels. 

Part  2:  Training  on  y(x)  History. 

7.  Choose  the  y  of  x  history  plot. 

8.  wait  for  a  period  of  stable  period  of  activity  lasting  at  least  12 
samples  (seconds). 

9.  Depress  the  Reset  Offsets  button  on  the  main  display.  This  will 
result  in  setting  the  appropriate  levels  across  all  32  sites. 
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Calibrating  Nemst  coefficients. 

Calibrating  the  Nemst  coefficients  is  also  important  pre-requisite  for 
obtaming  good  data  from  an  experiment.  This  is  a  multi-step  pro¬ 
cess  and  involves  conducting  a  pH  switch  between  two  known  buff¬ 
ers.  Typically  the  pH  shift  is  performed  by  "sipping"  from  two  well 
columns.  The  difference  in  pH  between  the  two  wells  is  on  the  order 
of.lM.  The  process  of  calibration  can  also  be  performed  on  previ¬ 
ously  recorded  data,  i.e.,  from  a  data  file. 

The  steps  for  calibrating  the  Nemst  coefficients  are: 

Step  0.  The  Detail  display  should  be  open  with  updates  asserted.  An 
appropriate  channel  should  also  be  chosen. 

Step  1.  Collect  the  data  from  an  experiment. 

Step  2.  Enter  the  known  pH  shift.  This  is  accomplished  by  setting 
the  "with  pH  shift"  control  with  the  difference  in  pH  between  the 
two  buffers. 

Step  3.  Position  Cursor  1.  Cursor  1  should  be  moved  to  a  stable 
baseline  region  before  the  pH  shift;  the  cursor  should  be  in  a  yellow 
"flow  off"  region. 

Step  4.  Position  Cursor  2.  Cursor  2  should  be  moved  to  a  stable 
region  immediately  after  the  pH  shift;  the  cursor  should  be  in  a  yel¬ 
low  "flow  off"  region  with  at  least  12  points  to  its  left. 

Step  5.  Set  the  Make  Same  Now  button.  Set  it  only  once.  A  moment 
will  pass  and  the  application  will  update  the  Nemst  coefficients  and 
use  them  to  correctly  display  Vpips'.  Note  that  the  difference 
between  the  two  cursors  will  be  reflected  in  the  indicator  labeled 
"Cursorl-cursor2":  this  value  should  be  close  to  the  known  pH 
shift. 

Suggestions:  Viewing  the  coefficients.  The  Nemst  coefficients  can  be 
examined  immediately  after  they  are  calibrated,  this  can  be  accom¬ 
plished  by  depressing  the  Reset  Scaling  button  on  the  quaddisplays 
control  panel. 

Saving  the  coefficients.  After  the  Nemst  coefficients  are  examined 
they  can  be  saved  to  a  disk  file  for  later  use  by  depressing  the  SAVE 
button  on  the  Set.sys.params  control  panel. 
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Using  Nemst  Coefficients 

Nemst  Coefficients  can  be  applied  to  data  by  retrieving  them  from  a 
previously  stored  data  file.  The  steps  for  this  process  are: 

Step  0.  Quaddisplays.ad.vi  rurming  after  being  properly  set  up. 

Step  1.  Depress  Reset  Scaling.  This  should  open  the 
Set.sys.params.vi. 

Step  2.  Depress  "Get".  This  will  open  a  dialog  box  to  perform 
retrieval  of  a  previously  saved  nemst  file. 

Step  3.  Examine  the  value.  The  Nemst  values  will  be  plotted  on  the 
main  graph  and  numerically  display  in  the  array  "Nemst.coeffs." 

Note:  The  values  for  a  particular  channel  can  be  "edited"  or 
adjusted  by  changing  the  value  in  the  Nemst.coeffs  array. 

Step  4.  Depress  "Continue."  This  will  close  the  current  window  and 
return  control  to  the  main  display  window. 
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General  Suggestions 


The  successful  use  of  Allen  and  Gertrude  should  take  into  consider¬ 
ations  the  following: 

•  For  the  time  being,  the  Master.Acquire.l.S.vi  should  be  run,  fresh, 
for  each  experiment.  This  will  also  mean  that  Gertrude  will  need  to 
be  stopped  and  the  run  again. 

•  Some  data  should  be  collected  on  the  Allen  side  before  Gertrude 
requests  data.  Gertrude  will  automatically  stop  communicating 
with  Allen.  In  order  to  attempt  to  resume  commimications  the  Try 
again  button  must  be  pressed  on  quaddisplays.vi. 

•  Gertrude  should  be  stopped  before  data  collection  is  halted  on  the 
Allen  side. 

•Data  can  be  reviewed  and  exported  at  the  end  of  an  experiment. 
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Comments  and  "bug"  reports. 

The  development  of  the  HTuP  system  is  an  ongoing  effort.  As  such 
we  would  appreciate  any  and  all  comments  and  suggestions  about 
improvements  of  the  system. 

In  those  rare  instances  when  an  error  occurs,  we  would  also 
appreciate  any  "bugg  reports."  These  reports  should  elucidate  the 
conditions  that  led  up  to  the  error  and  suggest  a  desired  outcome. 
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Background. 

The  High  Throughput  MicroPhysiometer  (HTuP)  system  is  a  set  of 
two  programs.  There  is  the  acquire  side  program,  Mas¬ 
ter.  Acquire.  1.5.  vi.,  and  the  display  side  program,  Master.Display.vi. 
The  computers  that  use  these  two  programs  are  referred  to  as  the 
"Allen"  and  "Gertrude"  sides,  respectively.  Both  programs  are  writ¬ 
ten  in  National  Instruments  LabVffiW  (Version  3.1).  These  programs 
require  a  large  amount  of  memory,  on  the  order  of  50  MBytes  for 
about  three  hours  of  data:  they  store  and  process  all  data  in  random 
access  memory. 

This  document  describes  the  general  requirements  and  usage  of  the 
Allen  side  of  the  HTuP  system.  It  also  includes  timing  diagrams  of 
various  processes  and  events  associated  with  the  HTuP  system. 

System  Requirements 

Allen  side  computer 

Macintosh  Quadra  800 
-72  MB  RAM 
1  GB  hard  disk 
NuLogic  Board 

National  Instruments  GPIB  Board 
National  Instruments  DIO  board 
Lab  VIEW  3.1;  set  to-  60MB 

Gertrude  side  computer. 

Macintosh  Quadra  840 
-72  MB  RAM 
1  GB  Hard  disk 

National  Instruments  GPIB  Board 
Lab  VIEW  3.1;  set  to-  60MB 
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The  two  computer  systems  are  interconnected  via  the  serial 
(Modem)  ports,  GPIB,  and  Ethernet  connections.  During  the  run¬ 
ning  of  an  experiment  timely  communications  are  aperiodically 
exercised  via  serial  and  GPIB  transactions  on  both  computers. 

The  Allen  side  of  things. 

The  Allen  side  of  the  HTuP  system  is  nm  by  double  clicking  the 
Master. Acquire.vi  in  the  AllenSide/  folder. 


1  RlienSidef 
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Figure:  The  AllenSide/  folder. 

The  process  of  loading  Lab  VIEW  and  all  the  virtual  instruments 
approximately  200  vis,  that  make  up  the  HTuP  system  will  take  a 
few  minutes.  After  the  system  is  loaded  the  following  VI  should 
appear  in  the  upper  left  hand  region  of  the  desktop. 
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Figure:  Master.Acquire.l.5.vi 
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The  Master. Acquire.l. 5. vi  has  four  important  variable  controls. 
These  are  MAXDATA,  #chans,  pts/swp,  and  pkts/srq.  Only  the 
MAXDATA  control  should  be  modified.  It  represents  the  number  of 
data  packets  to  collect.  With  a  one  second  per  data  packet  rate,  this 
number  also  represent  the  number  of  seconds  of  fundamental  uaca. 


Running  Allen. 

Running  Allen  is  accomplished  by  depressing  the  run  arrow  on  the 
front  panel  of  the  Master. Acquire.l. 5. vi.  A  few  moments  will  pass 
and  four  additional  windows  will  appear  on  the  desktop.  These 
windows  are:  Synchronized.occur.dataCom.vi,  Smorg.peripher- 
als.vi,  Smorgdasboard.foot.vi,  and  the  User.Interface.l.5.vi.  Each  of 
these  are  described  below. 


Synchronized.occur.dataCom.vi 

This  window  displays  the  status  of  commimications  between  Allen 
and  Gertrude,  hence  the  ear  icon.  The  numeric  indicator  on  the  top 
left  displays  the  difference  between  the  current  data  sample  and  the 
last  sent  to  Gertrude.  The  number  below  it  is  the  data  sample  num¬ 
ber  last  requested  by  Gertrude. 


Stinchronized.occur.dataCom  ] 

Figure:  Synchronized.occur.dataCom 


Smorg.peripherals.vi 

The  Smorg.peripherals.vi  displays  the  status  of  that  part  of  the  pro¬ 
gram  involved  with  controlling  and  sensing  the  microplate  and 
syringe  pump. 
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Figure:  Smorg.peripherals.vi 


SMORGDASfootBoard.vi 

the  SMORGDASfootBoard.vi  display  the  status  of  that  part  of 
the  program  involved  with  regulating  the  on/ off  flow  of  solution 
through  the  LAPS.  The  important  indicators  are  described  in  the  fol 
lowing  table. 


Figure:  SMORGDASfootBoard.vi 
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Table  1:  SMORGDASfootBoard  indicators 


Indicator 

Brief  Description 

Mod  Cycle 

indicates  the  current  number  within  an  on/off  protocol.  It  is  a  decrement¬ 
ing  counter. 

Cycle 

indicates  the  data  sample  number 

Multi.packet 

indicates  the  cycle  number  since  initialization. 

Heart  Attack 

indicates  an  error  in  on/off  flow  control. 

hCycleerr 

indicates  the  cycle  number  when  a  hardware  overrun  occurred. 

Cycleerr 

indicates  the  cycle  number  when  a  software  overrun  occurred. 

Waste/Laps 

indicator 

Indicates  the  state  of  the  shear  valve:  that  is  at  waste  a  loose  “W”  or  at 
LAPS  (lips). 

||[MI 
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HTuP  User  Interface  1.5. 

The  User  Interface  of  the  HTuP  system  provides  the  necessary 
controls  and  displays  for  commanding  the  system  to  perform  differ¬ 
ent  microphysiometry  functions.  The  user  interface,  shdwn  below,  is 
divided  into  three  main  areas.  The  upper  left  side  displays  various 
indicators  of  the  system  state.  The  lower  left  side  provides  a  set  of 
controls  for  initiating  different  processes  and  functions.  The  right 
side  of  the  display  lists  the  current  set  of  protocols. 


Figure:  User  Interface  1.5  indicators  and  controls. 
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Table  2:  User  Interface  Indicators 


Indic&ivJi. . 

Prief  iescription 

File 

name  of  the  experiment  file  used 

Cmd.stack  comment 

a  comment  associated  with  the  current  experi¬ 
ment 

idle 

a  label  for  Step  0  in  the  experiment  stack. 

pause.idle 

a  label  for  Step  1  in  the  experiment  stack 

Cmd.stack 

the  current  step  in  the  experiment 

cur.Dwell(p) 

indicates  the  current  dwell  number  within  a 
protocol.  It  is  a  decrementing  counter. 

Fatal  Error 

indicates  a  very  bad  condition. 

Init  Successful 

indicates  proper  initialization  of  the  system 

Prime  Successful 

indicates  proper  priming  of  the  system. 

NotLoadingCells 

indicates  whether  or  not  a  cell  loading 
sequence  is  in  progress 

CollectData 

indicates  whether  or  not  fundamental  data  is 
being  collected. 

Token  Overrun 

indicates  if  too  many  tokens  are  in  the 
machine. 

Last  Overrun 

indicates  the  cycle  when  the  last  overrun 
occurred. 

Paused,  idling 

indicates  if  the  system  is  paused. 

PROCESS  FREE 

indicates  when  the  system  is  not  processing  a 
command. 

Dana  Redington,  Ph.D. 


27  April  1995-  working  draft 


Molecular  Devices  Inc., 


Company  Confidential 


9 


User  Interface  control  buttons. 

The  User  Interface  control  buttons  are  shown  below  and 
described  in  the  following  table. 


Figure:  User  Interface  control  buttons 


Table  3:  User  Interface  Controls 


Control 

Brief  description 

#prime  strokes 

the  number  of  priming  strokes  for  fill¬ 
ing  fluid  into  the  system. 

used  with  Prime 

hot 

a  flag,  when  up  indicates  that  a  warm 
or  hot  start  (i.e.,  the  system  already  has 
fluid  in  it). 

normally  off,  but  when  used 
must  be  set  before  initializing. 

logic 

a  flag,  when  up  indicates  that  diagnos¬ 
tic  information  is  to  be  acquired  in  the 
“logic  analyzer.” 

normally  off. 

This  cmd# 

a  numeric  variable  that  indicates  the 
step  in  the  experiment  to  be  run. 

used  with  Do  this 
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Table  3:  User  Interface  Controls 


Control 

Brief  description 

latiializc 

a  button  that  activates  an  initialization 
sequence.  All  peripherals  and  hardware 
are  set  up. 

used  once  at  the  ceginning,  or 
with  the  “hot”  flag  to  perform  a 
warm  start. 

Prime  Sys 

a  button  that  activates  a  priming 
sequence.  This  fills  the  system  with 
fluid. 

uses  “#prime  strokes” 

Mr.  Bubble 

a  button  that  activates  a  default  de- 
bubbling  protocol. 

Mr.Clean 

a  button  that  activates  a  default  clean¬ 
ing,  aka  “bugg-off  ’  protocol. 

Mr.  Rinse 

a  button  that  activates  a  default  de- 
bubbling  protocol. 

Load  Cells 

a  button  that  activates  a  cell  loading 
sequence. 

prompts  provided  at  each  step. 

Run  Seq 

a  button  that  initiates  an  experimental 
set  of  protocols. 

Do  this 

a  button  that  initiates  a  one  step  proto¬ 
col 

uses  “This  cmd#” 

Pause 

a  button  that  provides  a  pause  when 
running  a  sequence. 

Step  1  in  the  experiment  is  used. 

Resume 

a  button  that  provides  re-entering  the 
running  sequence 

prompts  are  provided. 

Quit  Protocol 

a  button  that  enables  leaving  an  experi¬ 
mental  protocol. 

Step  0  in  the  experiment  is  used 

Save  Gently 

a  button  that  enables  saving  data  to  a 
file. 

should  be  used  after  an  experi¬ 
ment  when  sipping  from  the 
trough 

Exit 

a  button  that  enables  leaving  the  HTuP 
program. 

The  program  stops  when  this 
button  is  used. 
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User  Interface  Experiment  Protocol  Variables. 

The  experiment  is  defined  by  the  editable  control  on  the  right 
side  of  User  Interface  window,  see  figure  below.  There  are  four  but¬ 
tons  and  an  aiiay  of  24  steps.  These  are  described  in  the  following 
two  tables. 


Figure:  User  Interface  1.5 
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Table  4:  command  buttons 


Control 

,  Brief  D-;::cripticn 

Comment 

Set 

places  the  current  experiment 
into  the  ‘'gear  box— under  the 
hood” 

can  be  done  at  any  time  after 
initialization.  Any  changes 
done  to  the  experiment  vari¬ 
ables  are  used  by  the  gear 
box. 

Pull 

retrieves  a  copy  of  the  current 
experiment  from  under  the 
hood. 

can  be  done  at  any  time. 

Get 

retrieves  an  experiment  from 
a  disk  file. 

should  be  done  before  data 
collection 

Save 

stores  the  current  experiment 
to  a  disk  file. 

should  be  done  before  or  after 
data  collection. 

Table  5:  Protocol  Variables 


Brief  Description. 


Well  Numbert 


Flow  Rate  * 


Dwell 


the  number  of  the  step  in  the  experiment 


the  well  column  number  of  the  microplate  to  sip  from 


the  rate  of  flow 


the  number  of  periods,  i.e.,  on/off  cycles  used 


the  number  of  pump  cycles  for  flow  on  at  the  current  column  loca¬ 
tion. 


the  number  of  pump  cycles  for  stopped  flow  at  the  current  column 
location. 


When  set  enables  collection  of  fundamental  data. 


Note:  On  Time,  Off  Time,  Flow  Rate,  and  Dwell  determine  the 
amoimt  of  fluid  sipped  from  the  trough  or  a  well. 
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General  Suggestions 

The  successful  use  of  Allen  and  Gertrude  should  take  into  consider¬ 
ations  the  following: 

•  For  the  time  being,  the  Master.Acquire.l.5.vi  should  be  run,  fresh, 
for  each  experiment.  This  will  also  mean  that  Gertrude  will  need  to 
be  stopped  and  the  run  again. 

•  Data  must  be  collected  on  the  Allen  side  before  Gertrude  requests 
data. 

•  Gertrude  should  be  stopped  before  data  collection  is  halted  on  the 
Allen  side. 

•Warm  start  can  be  accomplished  by  exiting  Allen,  re-running  Allen, 
then  setting  the  "hot"  button  followed  by  depressing  initialize.  After 
this  a  protocol  can  be  run,  immediately. 

•Data  should  only  be  saved  at  the  end  of  an  experiment. 
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Comments  and  "bug"  reports. 

71  te  dcvolop’Tiprt  of  the  HTuP  system  is  an  ongoing  effort.  As  such, 
we  would  appreciate  any  and  all  comments  and  suggestions  about 
improvements  of  the  system. 

In  those  rare  instances  when  an  error  occurs,  we  would  also 
appreciate  any  "bugg  reports."  These  reports  should  elucidate  the 
conditions  that  led  up  to  the  error  and  suggest  a  desired  outcome. 
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Dana  Redington,  Ph.D. 


Timing  Diagrams. 

The  timing  of  various  events  in  the  HTuP  system  are  shown  in 
three  di^^roinr..  Diegram  T.,  TITuP  n>^Q-XFR  cycle,  shows  the  rela¬ 
tionship  between  VPIP'  data  points  and  the  data  acquisition  and 
transfer  cycle,  diagram  2,  HTuP  VI  timings,  shows  the  relationship 
between  the  DAQ-XFR  cycle  and  the  key  Vis  on  the  Allen  side.  Dia¬ 
gram  3,  HTuP  Timing  of  Events,  shows  the  relationship  between  the 
DAQ-XFR  cycle  and  the  various  peripherals  as  well  as  key  variables 
used  in  the  Master  Acquire.vi. 
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PKC€  Is  Involved  in  Granulocyte-Macrophage  Colony-Stimulating  Factor  Sipal 
Transduction;  Evidence  from  Microphysiometry  and  Antisense  Oligonucleotide 

Experiments^ 

Gregory  T.  Baxter,  Donald  L.  Miller,  Richard  C.  Kuo,  H.  Garrett  Wada,  and  John  C.  Owicki 
Molecular  Devices  Corporation,  4700  Bohannon  Drive,  Menlo  Park,  California  94025 
Received  April  28, 1992;  Revised  Manuscript  Received  September  4. 1992 


abstract:  We  have  used  microphysiometry  and  antisense  methodology  to  show  that  the  t  Boenzyme  of 
protein  ki^e  C  (PKC)  is  involved  in  the  signal  transduction  pathway  of  granulocyt^macroptoge  ^ony- 
stimulating  factor  (GM-CSF)  in  a  human  bone  marrow  cell  line,  TF-1.  These  ce^  retire  GM-CSF  or 
a  related  cytokine  for  proliferation.  When  the  cells  are  a^ropnately  exposed  to  GM-CSF,  Aey  exhibit 
a  burst  of  metobolic  activity  that  can  be  detected  on  the  time  scale  of  minutes  m  the  mcrophysiometer, 
a  biosensor-based  instrument  that  measures  the  rate  at  which  cells  excrete  protons.  These  «lls  express 
PKCa  and  as  determined  by  Western  blot  analysis.  Treatment  with  isoenzyme-spe^ic  antoei^ 
oligonucleotides  inhibits  expression  appropriately,  but  only  inhibition  of  PKCe  appreciabty  dummies  tte 
bunt  of  metabolic  activity  induced  by  GM-CSF.  Consistent  with  the  mvolvement  of  PKCe,  GM-CSF 
appears  to  activate  phospholipase  D  and  does  not  cause  a  detectable  increase  m  cytosohe  [Ca  j. 


Since  being  established  from  the  bone  marrow  of  a  human 
erythroieukemia  patient  by  Kitamura  et  al.  (1979),  the  TF-1 
cell  line  has  proven  to  be  useful  model  system  with  which  to 
study  «gnal  transduction  by  hemopoietic  growth  factors 
(Kitamura  et  al.,  1991). 

We*  (Wada  et  al.,  1992)  have  used  a  novel  biosensor-based 
instrument,  the  microphysiometer  (Parce  et  al.,  1989;  Mc¬ 
Connell  et  al.,  1992),  to  detect  integrative  physiological 
responses  of  these  cells  to  cytokines.  For  example,  GM-CSP 
induces  a  burst  of  metabolic  activity  that  occurs  at  physio¬ 
logically  relevant  concentrations  and  is  inhibitable  by  anti¬ 
bodies  to  GM-CSF.  The  abilities  of  GM-CSF  and  five  other 
cytokines  to  elicit  such  responses  correlate  very  well  with  their 
abilities  to  cause  the  proliferation  of  these  cells. 

The  microphysiometer  has  been  shown  to  detect  the 
activation  of  a  wide  variety  of  cellular  receptors  in  a 
pharmacologically  relevant  manner,  for  example,  the  T-cell 
(Nag  et  al.,  1992),  kainate  glutamate  (Rayley-Susman  et  al., 
1992),  epidermal  growth  factor  (Owicki  et  al.,  1989),  mi- 
muscarinic  receptor  (Owicki  et  al.,  1989),  and  ^j-^drenergic 
receptor  (Owicldetal.,  1989).  It  does  so  by  detecting  changes, 
sometimes  weak  and  transient,  in  the  rates  at  which  cells 
excrete  protons.  Extracellular  acidification  refiects  the  rate 
of  production  of  the  acidic  products  of  energy  metallism 
(principally  lactic  acid  and  CO2)  and  the  regulation  of 
intraceUular  pH  (Owicki  &  Parce,  1992).  Changes  in 
exttacellular  acidification  caused  by  receptor  activation 
therefore  reflect  changes  in  these  processes. 
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Our  earlier  work  (Wada  et  al.,  1992)  suggest^  tlmt  PKC 
was  involved  in  the  GM-CSF  signal  transduction  in  these 
cells:  pretreatment  with  a  phorbol  ester  inhibited  the  GM- 
CSF  acidification  response.  The  response  was  also  suppressed 
by  calphostin  C,  an  inhibitor  of  PKC. 

PKC  is  a  family  of  multiple  isoforms  having  closely  related 
but  different  structures  (Ono  et  al.,  1988;  Nisiuzuka,  1988; 
Parkeretal.,  1989).  Somecellsexpressonlyoneoftheisoforms 
identified  to  date  (Pelosin  et  al.,  1987 ;  Rose- John  et  al.,  1988; 
Heidenreichetal.,  1990)  while  the  majority  coexpress  multiple 
isoforms  (Stmlovici  et  al.,  1989,  1991;  Kiley  et  al.,  1990; 
Pfeffer  et  al.,  1990).  It  is  anticipated  that  each  of  these 

isoforms  mediates  distinct  cellular  responses.  Biochemically, 
PKCa,  -181/11,  and  -7  exhibit  subtle  differences  and  are  known 
as  Ca^'*'-  and  phospholipid-dependent  kinases  ( Jaken  &.  Kiley, 
1987)  whereas  PKC5,  -«,  and  -n  are  phospholipid-dependent 
yet  Ca^^-independent  kinases  (Kiley  etal^  1990;Leibersperger 
et  al.,  1990;  Bacher  et  al.,  1991). 

The  present  paper  strengthens  the  conclusion  that  PKC  is 
involved  in  the  response  of  TF-1  cells  to  GM-CSF  by 
demonstrating  that  staurosporine,  another  PKC  inhibitor,  also 
inhibits  the  acidification  response.  More  importanUy,  this 
\yorIc  identifies  an  isoenzyme  of  PKC  that  is  involved  in  GM- 
CSF  vignai  transduction  by  showing  that  the  response  can  be 
inhibited  by  treatment  with  antisense  oligonucleotide.  Evi¬ 
dence  is  also  provided  that  the  activation  of  phospholipase  D 
is  involved  in  the  process. 

MATERIALS  AND  METHODS 

Chemicals.  Unless  otherwise  noted,  chemicals  were  pur¬ 
chased  from  Sigma  (St.  Louis,  MO).  Antisense  IS-mer 
oligodeoxynucleotides  to  the  PKC  isoenzymeswere  synthesized 
by  Operon  Technologies  (Alameda,  CA)  on  the  basis  of 
setiuences  obtained  from  the  GenBank  database.  No  human 
PKC«  sequence  was  available,  but  a  partial  human  PK^ 
sequence  permitted  construction  of  an  antisense  oligonucleotide 
tv-ginning  at  nucleotide  41.  Oligonucleotides  based  on  rat 
PKCa  and  -«  sequences  began  at  the  start  codon.  Following 
are  the  antisense  sequences  used  (5'  3'):  human  PKCa, 


Accelerated  Publications 


Biochemistry,  VoL  31,  No.  45,  1992  10951 


CGGTTGGCCACGTCC;  rat  PKCa,  GTAAACGTC  AGC- 
CAT;  rat  PKC^,  ATTGAACACTACCAT. 

Cells.  TF-1  cells  were  a  gift  from  S.  Indelicate  (Schering- 
Plough,  Bloomfield,  NJ)  and  were  cultured  in  RPMI  1640 
medium  (Irvine  Scientific,  Irvine,  CA)  supplemented  with 
10%  FBS,  2  mM  sodium  pyruvate,  and  1  ng/i^  recombinant 
human  GM-CSF  (Sandoz/Schcring-Plough  Corp.,  Bloom¬ 
field,  NJ). 

Treatment  of  Cells  with  Antisense  Oligonucleotides.  Cells 
were  seeded  at  1  X  10^/mL  in  2  mL  of  medium  and  grown 
in  the  presence  or  absence  of  1 5  fiM  oligonucleotide,  replaced 
with  fresh  medium  and  oligonucleotide  every  24  h.  Twenty- 
four  hours  prior  to  an  experiment  in  the  microphysiometer 
the  cells  were  transferred  to  medium  that  was  identified  except 
that  it  lacked  GM-CSF;  such  cytokine  deprivation  has  been 
shown  to  potentiate  GM-CSF  responses  in  the  microphysi- 
ometer.  Control  cells  were  not  exposed  to  oligonucleotide  but 
otherwise  were  treated  similarly  (including  daily  change  of 
medium). 

Western  Blot  Analysis.  Sodium  dodccyl  sulfate/ polyacryl¬ 
amide  gel  electrophoresis  and  immunoblot  analysis  were 
performed  exactly  as  described  before  (Strulovici  et  d.,  1 989) . 
Antisera  to  PKCa  and  -€  were  a  generous  gift  from  Dr.  Berta 
Strulovici  (Syntex  Research,  Palo  Alto,  CA). 

Microphysiometry.  The  microphysiometer  is  based  on  a 
pH-sensitive  silicon  sensor,  the  light-addressable  potentio- 
metric  sensor  (Hafeman  et  al.,  1 988),  which  forms  one  surface 
of  a  flow  chamber  (volume  of  several  microliters)  in  which 
cultured  cells  are  immobilized.  Culture  medium  is  supplied 
by  a  pump  to  maintain  cell  viability.  Periodically  the  pump 
is  stopped,  and  the  pH  in  the  chamber  decreases,  t^ically  by 
0.05-0.1  pH  unit  in  a  minute.  This  rate  of  acidification  is 
recorded  by  a  computer  that  controls  the  instrument,  and 
flow  is  resumed,  restoring  the  original  pH.  For  more 
instrumental  details,  see  Parce  et  al.  (1989)  or  McConnell  et 
al.  (1991). 

The  microphysiometer  was  loaded  with  low-buffered  RPMI 
1640  medium  (Molecular  Devices  Corp.,  Menlo  Park,  CA) 
containing  1  mg/mL  endotoxin-free  HSA  (Miles,  Elkhart, 
IN),  and  each  flow  chamber  of  the  instrument  was  assembled 
with  10^  TF-1  cells  embedded  in  a  fibrin  clot  (Parce  et  al., 
1989;  McConnell  et  al.,  1991).  The  acidification  rate  was 
measured  every  135  s  (flow  on  at  100  ^L/min  for  90  s,  flow 
off  for  15  s,  flow  off  with  acidification  rate  measured  for  30 
s).  The  chamber  temperature  was  37  ®C. 

Acidification  rate  was  monitored  until  steady  (typically  30 
min),  at  which  time  a  sham  treatment  (culture  medium  without 
GM-CSF)  was  performed  for  10  min.  Then,  GM-CSF  was 
added  at  5  ng/mL  for  10  min. 

Absolute  acidification  rates  can  vary  from  chamber  to 
chamber,  for  example,  by  about  ±20%  due  to  fluctuations  in 
the  number  of  cells  in  the  '^300-nL  part  of  the  cell  chamber 
near  the  active  site  of  the  sensor.  To  correct  for  this,  data  arc 
normalized  within  a  chamber  by  expression  as  percent  of  basal 
(unstimulatcd)  acidification  rate.  For  identically  prepared 
chambers  from  the  same  flask  of  cells  on  the  same  day,  we 
have  found  the  standard  deviation  of  the  peak  stimulation  of 
acidification  by  GM-CSF  to  be  3.5%  of  the  basal  acidification 
rate  (Wada  et  al.,  1992).  To  compare  cells  with  differing 
culture  history  prior  to  use  in  the  microphysiometer,  as  in 
Figure  3B,  we  have  previously  found  (Wada  et  al.,  1992)  that 
statistical  consistency  is  improved  if  the  peak  response  to  GM- 
CSF  is  instead  normalized  to  the  peak  of  an  unrelated  response, 
the  acidification  increase  that  occurs  when  cells  are  exposed 


Figure  1:  Metabolic  response  of  TF-1  cells  to  GM-CSF  and 
inhibition  by  staurosporine.  TF-1  cells  were  treated  with  5  ng/mL 
GM-CSF  for  10  min  (shaded  period  in  figure)  in  the  absence  (o]^ 
symbols)  and  presence  (closed  symbols)  of  100  nM  staurosporine 
(5-min  preincubation  and  present  with  GM-CSF),  and  the  acidifi¬ 
cation  rate  was  measured  as  described  under  Materials  and  Methods. 
The  experiment  was  repeated  four  times,  each  time  yielding  an 
inhibition  at  least  as  great  as  that  shown. 

to  1  Mg/niL  calcium  ionophore  ionomydn  administered  90 
min  after  removal  of  GM-CSF. 

Measurement  of  Intracellular  [ Ca^"^] .  TF- 1  cells  that  had 
been  GM-CSF-starved  overnight  were  centrifuged  and  re¬ 
suspended  in  low-buffered  RPMI  1 640  medium  supplemented 
vrith  10  mM  HEPES  and  then  incubated  at  room  temperature 
for  45  min  with  5  fiNL  fura-2,  AM  (1  mM  in  DMSO).  The 
cells  were  then  centrifuged  and  resuspended  in  a  balanced 
salt  solution  (NaCl,  138  mM;  KCl,  5  mM;  KH2PO4,  0.11 
mM;Na2HP04, 0.81  mM;  MgCb,  0.05  mM;  CaCU,  1.3  mM; 
glucose,  10  mM;  HEPES,  10  mM;  pH  7.4)  and  transferred 
to  a  stiri^  cuvette  kept  at  37  ^C  in  ^e  sample  compartment 
of  a  PTI  Model  4000  ratiometric  fluorometer  (South  Brun¬ 
swick,  NJ),  [Ca2+]i  was  monitored  ratiometrically  using  340 
and  380  nm  as  the  excitation  wavelengths  and  510  nm  as  the 
emission  wavelength.  [Ca^***]  i  was  calibrated  with  the  equation 
of  Grynkiewicz  et  al.  (1985)  with  and 

determined  empirically  for  each  experiment  using  ionomydn 
and  EGTA  in  the  salt  solution. 

Choline  Assay.  Briefly,  cells  were  incubated  in  suspension 
with  10  ng/mL  GM-CSF.  After  various  reaction  times  the 
cells  were  added  to  excess  phosphate-buffered  saline  at  0  ^C 
and  rapidly  collected  by  centrifugation.  Cells  were  lysed  in 
hypotonic  lysis  buffer;  cytosolic  fractions  were  collected,  and 
cytosolic  choline  levels  were  determined  by  using  choline  ldna.se 
to  synthesize  radiolabeled  choline  phosphate  from  choline  and 
Jy.32p]atp  (2-10  Ci/mmol,  from  Du  Pont/NEN  Research 
Products,  Boston,  MA)  according  to  the  method  of  Wang  and 
Haubrich  (1975)  as  modified  by  Thompson  et  al.  (1990). 

RESULTS  AND  DISCUSSION 

Response  of  TF-1  Cells  to  GM-CSF  and  Inhibition  by 
Staurosporine,  Exposure  to  5  ng/mL  GM-CSF  for  10  min 
causes  ^e  extracellular  addification  rate  of  TF-1  cells  to 
approximately  double  within  5— 10  min  (Figure  1 ).  Thereafter, 
the  addification  rate  gradually  falls,  remaining  significantly 
above  basal  levels  45-60  min  after  the  initial  exposure  to  GM- 
CSF. 

These  results  are  consistent  with  our  earlier  observations 
(Wada  etal.,  1992).  There  we  idneticaOy  resolved  the  response 
into  low-amplitude  short-lived  and  higher-amplitude  long- 
lived  components.  The  former  is  associated  with  the  activation 
of  the  Na'^/H'*'  antiporter.  The  latter  requires  the  presence 
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Figure  2:  Expression  of  PKC  isoenzymes  in  TF-1  cells.  (A)  Total 
cell  homogenates  (200  ti$  of  protein  per  lane  for  TF-1  cells  and  20 
Mg  per  lane  for  rat  brain)  were  subject^  to  SDS/PAGE,  transfer!^ 
to  nitrocellulose  membranes,  and  immunoblotted  with  antibodies 
specific  for  PKCa  and  PKCt  as  described  under  Material  and 
Methods.  Immunoblots  were  labeled  vdth  protein  A  and  exposed 
to  Kodak  XAR  film  for  7  days  at  -70  ^C.  Rat  brain  was  loaded  as 
a  control.  PKC  isoforms  arc  indicated.  (B)  TF-1  cells  were  treated 
with  or  without  PKC-antiscnsc  oligonucleotides  for  5  days  as  dc^bed 
under  Materials  and  Methods,  and  immunoblot  analysis  was 
performed  as  described  above.  Cell  treatments  are  indicated  in  the 
figure,  and  PKC  isoforms  are  identified.  *^6  experiment  was  repeated 
tyiceyith  siynilar  results,  and  representative  Western  blots  arc  shown. 


of  a  carbon  source  in  the  medium  (glucose,  but  not  glutamine, 
is  sufficient)  and  presumably  reflects  an  increased  rate  of 
glycolysis. 

Several  PKC  inhibitors  have  been  described  (Tamaoki  et 
al.,  1986;  Hannun  &  BeU,  1987;  Davis  et  al.,  1989);  of  the^, 
staurosporine  has  been  shown  to  be  the  most  potent  (Davis, 
et  al.,  1989).  To  determine  whether  PKC  is  involved  in 
mediating  the  GM-CSF  acidification  response,  we  treated 
TF-1  cells  in  the  microphysiometer  with  5  ng/mL  GM-CSF, 
with  or  without  100  nM  staurosporine,  and  monitored 
extracellular  acidification  as  described  under  Materials  and 
Methods.  As  shown  in  Figure  1,  staurosporine  strongly 
inhibited  the  acidification  increase  mediated  by  GM-CSF. 
This  concentration  of  staurosporine  was  determined  not  to  he 
cytotoxic  to  these  cells,  as  indicated  by  the  constant  acidi¬ 
fication  rate  (Figure  1). 

Expression  of  PKC  Isoenzymes  and  Inhibition  with  An¬ 
tisense  Oligonucleotides.  Wholc-ccUextractsfrornTF-l  cells 
were  analyzed  by  immunoblot  analysis  using  affinity-purified 
antibodies  directed  against  synthetic  peptides  unique  to  the 
PKCa  and  -€  isoforms  (Strulovici  et  al.,  1991).  As  shown  in 
Figure  2A, TF-1  cells  express  both  PKCa  and -€.  Todetermine 
which  PKC  isoforms  arc  involved  in  GM-CSF  signaling,  we 
attempted  specifically  to  reduce  or  inhibit  the  expression  of 
PKCa  and  -€  by  treating  the  TF-1  cells  with  antisense 
oligonucleotides  specific  for  each  of  these  isoforms.  TF-1 
cells  were  grown  with  or  without  antisense  oligonucleotides 


Days  of  Treatment 

Figure  3:  Effect  of  antisense  oligonucleotide  treatment  on  the 
^acidification  response  of  TF- 1  ceils  to  GM-CSF.  (A,  t^)  TF- 1  cells 
were  treated  in  the  presence  or  absence  of  antisense  oligonucleotide 
toPKCaorPKCcforvaryingpcriods(5  days  shown  here)  as  described 
under  Materials  and  Methods.  Cells  were  then  chaDenged  with  GM- 
CSF  (5  ng/mL  for  10  min;  shaded  pmod  in  figure),  ^  the 
acidification  rate  was  measured  as  described  under  Materials  and 
Methods.  Antisense  treatment:  control,  open  circles;  human  a, 
crosses;  rat  a,  X’s;  rat fmed  circles.  (B,  bottom)  Time  course  of 
the  inhibitory  effects  of  antisense  treatment  on  the  GM-CSF  response 
of  TF-1  cells,  represented  in  percent  inhibition  compared  to  control 
cells.  TF-1  cells  were  treated  in  the  presence  or  absence  of  antis<^ 

oligonucleotides  to  PKCa  or  -«  for  up  to  14  days.  For  each  time 
point,  cells  were  treated  with  5  ng/mL  GM-CSF  for  10  min,  and  ^e 
acidification  rate  was  measured  as  described  above.  Percent  inhibition 
was  determined  by  first  normalizing  GM-CSF  responses  to  ionomycin 
responses  within  each  chamber  as  described  under  Materials  and 
Methods  and  then  comparing  the  maximum  normalized  GM-CSF- 
mediated  acidification  response  of  antisensc-treated  cells  to  that  of 
control  cells  for  each  time  point.  Simply  normalizing  responses  to 
basal  rates  rather  than  using  this  procedure  would  have  made  a 
significant  difference  at  only  one  data  point,  substantially  decreasing 
the  apparent  inhibition  for  the  14-day  incubation  with  anti-PKCc. 
Four  experiments  were  performed  for  each  antisense  trwtment,  one 
for  each  of  four  durations  of  exposure.  There  were  two  independent 
series  of  experiments  (two  durations  each),  indicated  by  the  circular 
and  triangular  symbols.  The  open  symbols  show  tiie  (lack  oO 
inhibition  of  PKCa  and  the  filled  symbols  the  progressive  inhibition 
for  PKCe. 


for  5  days.  Western  blot  analysis  was  performed  on  these 
cells  to  determine  the  amount  of  immunorcactive  PKC 
remaining  after  treatment  As  seen  in  Figure  2B,  the  amount 
of  immunoreactive  PKCa  is  significantly  reduced  in  the  human 
PKCo-antisense-treated  cells  when  compared  with  either 
control  cells  or  the  PKCc-antiscnse-treated  cells.  Similarly, 
the  amount  of  PKCe  is  significantly  reduced  in  the  PKCe- 
antisense-treated  cells  when  compart  with  either  control  cells 
or  human  PKCa-antiscnse-trcated  cells.  The  rat 
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Figure  4:  Effect  of  GM-CSF  on  cytosolic  choline  concentrations 
in  TF-1  cells.  TF-1  cells  were  treated  with  10  ng/mL  GM-CSF  for 
the  indicated  time  periods,  and  the  cytosolic  fractions  were  measured 
for  free  choline  concentration  as  described  under  Materials  and 
Methods.  The  experiment  was  repeated  three  times,  each  displaying 
identical  kinetics  (peak  choline  levels  were  reached  at  2  min)  and 
sin^r  basal  choline  levels;  the  maximum  level  of  cytosolic  cholme 
varied  between  500  and  800  pmol/10^  cells.  A  representative 
experiment  is  shown. 

PKCa-antiscnsc-trcatcd  cells  showed  comparable  levels  of 
inhibition  (data  not  shown).  Therefore,  this  treatment  was 
successful  in  reducing  the  levels  of  the  targeted  PKC  isoforms. 

Inhibition  of  Acidification  Responses  to  GM-CSF  by 
Antisense  Oligonucleotides  to  PKC^  but  Not  PKCa.  TF-1 
cells  were  treated  with  the  PKC-antisense  oligonucleotides  in 
two  series  of  experiments,  each  lasting  up  to  14  days.  As  seen 
in  Figure  3A,  the  burst  of  acidification  caused  by  5  ng/mL 
GM-CSF  is  significantly  diminished  by  treatment  with 
antisense  oligonucleotide  to  PKCc  but  not  to  PKCa— antisense. 
The  PKCe-antisense  treatments  showed  a  consistent  and 
progressive  inhibition  of  the  GM-CSF  response  corresponding 
to  length  of  antisense  treatment,  up  to  80%  after  14  days 
(Figure  3B).  These  data  suggest  that  PKCt  may  be  involved 
in  the  signal  transduction  pathway  associated  with  GM-CSF- 
mediated  increase  in  the  metabolic  response  observed  with 
the  microphysiometer. 

The  stimulation  of  acidification  by  GM-CSF  has  been  shown 
to  comprise  at  least  two  processes:  a  brief  (<  1 0  min)  activation 
of  the  Na^/H*^  antiporter  and  a  larger  and  longer-lasting 
stimulation  that  involves  the  activity  of  glycolysis  (Wada  et 
al.,  1992).  On  the  basis  of  the  amplitudes  and  shapes  of  the 
inhibited  responses,  the  PKCe-antisense  treatment  inhibits 
the  glycolytic  component.  The  absence  of  initial  broadening 
in  the  inhibited  response  suggests  that  the  smaller  antiporter 
component  is  also  inhibited,  but  additional  experiments  need 
to  be  done  to  show  this  conclusively. 

Increased  Intracellular  Choline  after  Exposure  to  GM- 
CSF  but  No  Increase  in  Cytosolic  [Ca^\.  It  has  b^n 
suggested  that  the  activation  of  PKC«  may  be  associated  with 
the  hydrolysis  of  phosphatidylcholine,  possibly  by  a  phos¬ 
pholipase  D,  which  contrasts  with  the  well-described  hydrolysis 
of  phosphatidylinositol  by  a  phospholipase  C  (Koide  et  al., 
1992).  If  this  is  true  for  the  present  case,  then  it  should  be 
possible  to  detect  increased  levels  of  choline  in  the  GM-CSF- 
activated  cells.  We  detected  an  approximately  5-fold  increase 
in  free  cytosolic  choline  within  2  min  after  exposure  to  10 
ng/mL  GM-CSF  (Figure  4).  The  amplitude  and  kinetics  arc 
similar  to  those  observed  for  agonist-induced  phosphatidyl¬ 
choline  hydrolysis  in  other  human  cells  (Duronio  et  al.,  1989; 


Figure  5:  Effect  of  GM-CSF  on  cytoplasmic  [Ca^*]  in  TF-1  cells. 
GM-CSF  (10  ng/mL)  had  no  effect  on  cytoplasmic  [Ca^]  of  cells 
suspended  in  a  cuvette.  Subsequent  expwure  to  5  fiM  PAF  did  elicit 
an  increase  in  cytoplasmic  [Ca^^].  This  experiment  was  repeated 
five  times  with  similar  results;  a  representative  experiment  is  shown. 

Thompson  et  al.,  1990).  GM-CSF  faik  to  alter  [Ca^^] 
significantly  under  conditions  where  it  elicits  strong  acidifi¬ 
cation  and  proliferative  responses  (Figure  5).  The  positive 
response  to  PAF  (Figure  5)  shows  that  the  cells  arc  capable 
of  an  agonist-induced  increase  in  cytosolic  [Ca^'*’] .  That  GM- 
CSF  increases  cytosolic  choline  without  increasing  [Ca^'*’]] 
strongly  implicates  phospholipase  D  in  the  transduction  of 
the  GM-CSF  signal  in  TF-1  cells. 

Conclusion.  We  have  combined  antisense  methodology  with 
microphysiometry,  a  novel  biosensor-based  means  of  detecting 
alterations  of  cellular  physiology,  to  provide  evidence  that  the 
c  isoenzyme  of  protein  kinase  C  is  involved  in  GM-CSF  signal 
transduction  in  TF-1  cells.  We  have  found  that  the  signal 
transduction  docs  not  cause  an  increase  in  cytosolic  [Ca^***] 
but  does  involve  an  increase  in  intracellular  choline,  ^th  of 
which  arc  consistent  with  the  involvement  of  phospholipase 
D,  as  might  be  expected  for  the  activation  of  PKCt.  The 
failure  of  antisense  oligonucleotides  against  PKCa  to  inhibit 
cellular  response  to  GM-CSF  in  the  microphysiometer, 
together  with  the  failure  of  GM-CSF  to  increase  c^osolic 
[Ca^**"],  suggests  that  this  isoenzyme  is  not  involved  in  GM- 
CSF  signal  transduction  in  these  cells.  Further  studies  on  the 
effects  of  antisense  of  oligonucleotides  on  GM-CSF-drivcn 
proliferation,  acidification  responses,  and  the  relationship 
between  the  two  in  TF-1  cells  are  in  progress. 
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Microfabrication  in  Silicon  Microphysiometry 

Gregory  T.  Baxter,  Luc  J.  Bousse,  Timothy  D.  Dawes,  Jeffrey  M.  Libby,  Douglas  N.  Modlin,  John  C.  Owicki,* 
and  J.  Wallace  Farce 


Over  the  past  5  years,  microphysiometry  has  proved  an 
effective  means  for  detecting  physiological  changes  in 
cultured  cells,  particularly  as  a  functional  assay  for  the 
activation  of  many  cellular  receptors.  To  demonstrate  the 
clinical  relevance  of  this  method,  we  have  used  it  to  detect 
bacterial  antibiotic  sensitivity  and  to  discriminate  between 
bacteriostatic  and  bacteriocidal  concentrations.  The  light- 
addressable  potentiometric  sensor,  upon  which  micro¬ 
physiometry  is  based,  is  well  suited  for  structural  manip¬ 
ulations  based  on  photolithography  and  micromachining, 
and  we  have  begun  to  take  advantage  of  this  capability. 
We  present  results  from  a  research  instrument  with  eight 
separate  assay  channels  on  a  5-cm^  chip.  We  discuss  the 
planned  evolution  of  the  technoiogy  toward  high-through¬ 
put  instruments  and  instruments  capable  of  performing 
single-cell  measurements. 

Indexing  Terms:  potentiometry/cell  physiology/biosensor/microbh 
ology/bacteria/antibiotics,  sensitivity  to 

Cellular  energy  metabolism  is  coupled  to  so  many 
biochemical  processes  that  physiologically  significant 
events  generally  affect  the  rate  of  (firee)  energy  flux 
through  the  ceU  (J ).  The  silicon  microphysiometer  takes 
advantage  of  this  coupling  to  detect  physiological 
changes  in  cultured  ceUs  by  sensing  changes  in  cellular 
metabolic  activity  (2,3).  Metabolic  activity  can  be  mea¬ 
sured  by,  e.g.,  ojQ^gen  consumption  or  microcalorimetry. 
We  have  chosen  to  monitor  the  rate  of  extracellul^ 
acidification,  reflecting  the  rate  of  production  of  acidic 
products  of  energy  metabolism  such  as  lactic  acid  and 
CO2.  This  choice  was  motivated  by  the  availability  of  a 
particularly  suitable  semiconductor-based  sensor,  the 
light-addressable  potentiometric  sensor  (LAPS),  which 
is  configured  to  detect  pH  (4,  5)? 

Here  we  present  a  brief  surv^  of  microphysiometer 
technology,  organized  around  the  theme  of  microfabri¬ 
cation.  Being  derived  from  a  silicon  chip,  the  LAPS  is 
amenable  to  micromachining.  Importantly,  the  pro¬ 
cesses  by  which  micromachining  is  accomplished  do  not 
conflict  with  the  requirements  for  sensor  function;  it  is 
possible  to  produce  functional  sensors  that  are  inte¬ 
grated  with  useful  structural  features. 

Molecular  Devices  Corp.,  1311  Orleans  Dr.,  Sunnyvale,  CA 
94089. 
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Cytosensor  Microphysiometer 

The  heart  of  a  microphysiometer  is  a  microvoliune 
flow  chamber  in  which  living  cells  are  held  in  diffusive 
contact  with  the  LAPS  pH  sensor.  The  flow  of  culture 
medium  provides  nutrients  and  flushes  away  waste 
products,  so  that  the  cells  can  be  maintained  for  rela¬ 
tively  long  periods  (days,  if  necessary).  Periodically,  the 
flow  of  medium  is  halted,  causing  the  extracellular  pH 
to  decrease  as  acidic  metabolites  build  up  until  flow  is 
restored.  Typically  the  rate  of  decrease  is  —0.1  pH  unit/ 
min  during  a  halt  of  — 1  min.  This  acidification  rate  is 
the  primary  datum  for  microphysiometry. 

The  C^sensor*  system  (Molecular  Devices  Corp., 
Surmyvale,  CA)  is  a  bench-top  microphysiometer  that 
contains  eight  such  flow  chambers  operating  in  parallel 
and  controlled  by  a  microcomputer  (see  Fig.  1).  Each 
chamber  contains  a  disk-shaped  cavity  —100  pxa  thick 
and  6  in  diameter  in  which  cells  are  immobilized 
between  two  microporous  polycarbonate  membranes.  A 
cavity  usually  contains  10‘‘-10®  mammalian  cells,  de¬ 
pending  on  cell  type;  the  cells  may  be  adherent  or  non¬ 
adherent.  Medium  is  pumped  tangentially  across  the 
membranes  at  a  flow  rate  of  50—100  p.L/min.  A  program¬ 
mable  valve  upstream  of  the  chamber  determines  which 
of  two  fluid  streams,  typically  sample  and  control,  en¬ 
ters  the  chamber.  For  a  more  detailed  description  of  the 
instrument,  see  refs.  3  and  6. 

To  date,  the  Cytosensor  microph3rsiometer  and  its  pro¬ 
totypes  have  been  used  mainly  for  two  purposes:  to  de¬ 
tect  receptor  activation  and  to  perform  in  vitro  toxico¬ 
logical  studies.  Activation  of  plasma  membrane 
receptors  belonging  to  all  the  major  superfamihes 
causes  detectable  changes  in  extracellular  acidification 
rate  imder  appropriate  conditions  (3).  This  typically  is 
manifest  as  a  10-100%  increase  in  acidification  rate 
within  a  few  minutes  of  exposure  to  agonist.  Regarding 
toxicology,  the  ability  of  ocular  irritants  to  inhibit  ex¬ 
tracellular  acidification  rate  has  been  shown  to  corre¬ 
late  well  with  in  vivo  measures  of  irritancy  (7). 

Clinical  applications  have  not  yet  been  explored  in 
depth,  but  three  areas  hold  promise.  First,  on  the  basis 
of  pilot  studies  with  human  tiunor  cell  lines  (2),  micro¬ 
physiometry  may  provide  a  rapid  assay  for  resistance  of 
patients’  tumors  to  chemotherapeutic  agents.  Second, 
T-cell  activation  has  been  detected  via  microphysiome¬ 
try  (S),  indicating  that  some  aspects  of  patients’  im- 
mime  status  may  be  monitored  by  this  method.  Third, 
the  ability  to  use  microbes  in  the  microphysiometer 
instead  of  mammalian  cells  suggests  applications  in 
clinical  microbiology. 

Use  of  the  microphysiometer  to  determine  the  suscep- 
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Fig.  1 .  The  Cytosensor  microphyslometer:  two  four-channel  subunits 
shown  with  controlling  computer. 

The  flow  chambers  are  concealed  beneath  the  closed  covers  of  the  irisfru- 
ment,  but  the  tubes  that  supply  the  two  fluidics  lines  of  each  channel  are  visible 
on  the  front. 

tibility  of  bacteria  to  an  antibiotic  is  shown  in  Fig.  2.  For 
some  patients,  including  those  with  endocarditis  or  who 
are  immunocomproniised  and  infected  with  a  patho¬ 
genic  bacterium,  an  assay  for  minimum  bactericidal 
concentration  (MBC)  may  be  required  since  merely  in¬ 
hibitory  concentrations  of  an  eintimicrobial  agent  may 
be  insufficient  to  treat  such  an  infection.  MBC  assays 
are  generally  performed  by  diluting  and  plating  culture 
broths  that  show  no  growth  in  an  antimicrobial  inhibi¬ 
tion  assay,  and  then  determining  whether  the  bacteria 
were  actually  killed  or  whether  they  survived  exposure 
to  the  antibiotic  at  the  tested  concentration.  An  MBC  is 
often  considered  to  be  that  which  kills  99.9%  of  an  in¬ 
oculum  of  10®  to  10®  cells/L  within  12-24  h.  At  present, 
no  automated  assay  exists  for  determining  MBCs.  As 
shown  in  Fig.  2,  however,  the  Cytosensor  microphysi- 
ometer  may  be  used  to  determine  whether  exposure  to 
an  antimicrobial  agent  has  killed  a  significant  propor¬ 
tion  of  a  microbial  population  without  the  diluting,  plat¬ 
ing,  and  colony-counting  steps  required  in  the  standard 
assay. 


Fig.  2.  Effects  of  lethal  and  sublethal  concentrations  of  ampicillin  on 
Escherichia  coii  metabolism. 

£  coli  (ATCC  25922)  was  grown  in  a  Cytosensor  microphysiometer  at  35®C  In 
Mueller-Hinton  broth  and  exposed  to  ampicillin  for  12  h  at  32  mg/U  bacterial 
metabolic  activity  In  the  chamber  increased  briefly  until  the  effects  of  the 
antibiotic  appeared,  and  then  declined  and  remained  near  zero  even  after  the 
antibiotic  was  removed.  A  sublethal  concentration  of  the  antibiotic  (8  mg/L) 
likewise  Inhibited  bacterial  metabolism,  though  not  as  completely;  removal  of 
the  antibiotic  after  a  12-h  exposure  allowed  this  population  to  recover  Its 
metabolic  activity.  A  standard  minimum  bactericidal  assay  perform^  with 
broth  and  plate  cultures  confirmed  that  ampicillin  at  8  mg/L  was  the  rninimum 
concentration  necessary  to  inhibit  this  £.  coli  strain,  and  a  concentration  of  32 
mg/L  was  the  minimum  required  to  kill  the  bacteria  after  a  12-h  exposure. 


Micromachined  Multichannel  Sensor  Chips 

In  applications  such  as  screening  for  drug  discovery,  it 
would  be  useful  to  have  higher  sample  throughput  and 
lower  Tninimum  sample  volume  than  the  Cytosensor 
system  offers  (—lO"^  samples/year  and  *1  mL/sample, 
respectively).  Through  silicon  fabrication  technology, 
the  parallelism  of  the  instrument  can  be  increased  and 
its  size  can  be  decreased,  changes  that  bear  directly  on 
throughput  and  sample  size.  One  can  reasonably  expect 
to  see  a  10-100  times  improvement  in  throughput  and  a 
concomitant  decrease  in  sample  volume  with  a  micro- 
machined  technology. 

In  the  Cytosensor  microphysiometer,  each  channel 
has  an  individual  silicon  sensor  chip  in  eveiy  flow  cham¬ 
ber.  To  achieve  higher  density  and  throughput,  a  logical 
next  step  would  be  to  place  several  flow  channels  on  a 
single  chip,  each  with  its  own  sensor  spot.  The  LAPS  is 
intrinsically  a  multisensor  and  is  compatible  with  sili¬ 
con  micromachining,  a  technology  that  has  been  applied 
previously  to  biological  problems  {9, 10).  Since  Petersen 
reviewed  silicon  micromachining  in  1982  (il ),  the  field 
has  expanded  greatly,  with  many  new  methods  of  cre¬ 
ating  complex  and  accurately  defined  shapes.  What  we 
need  can  actually  be  accomplished  with  the  most  well- 
established  method:  anisotropic  etching. 

Flow  channels  in  a  chip  are  easily  created  with  an 
anisotropic  etch  from  the  front.  This  enables  one  to 
control  the  depth  (typically  100  fjLm)  very  accurately  and 
produces  a  smooth  surface  at  the  bottom,  where  the 
active  area  of  the  LAPS  device  will  be  located.  Adherent 
cells  are  introduced  to  all  channels  at  once  by  coating  a 
glass  cover  slip  with  cells  and  placing  it  over  the  silicon 
chip.  Because  the  coverslip  is  placed  on  the  front  side  of 
the  chip,  the  solution  must  flow  from  the  back  side.  This 
means  that  fluid  port  openings  must  be  made  through 
the  chip. 

The  fabrication  process  is  started  by  making  all  the 
channels  and  openings  needed  in  the  silicon  wafer.  The 
chip  size  currently  used  is  23-mm  square.  The  starting 
material  consists  of  double-sized  polished  100-mm-di- 
ameter  n-type  silicon  wafers,  at  their  standard  thick¬ 
ness  of  —525  /xm.  An  oxide  is  grown  and  patterned  to 
form  a  mask  for  the  first  silicon  anisotropic  etch,  which 
creates  the  flow  channels  on  the  front  side  of  the  chip. 
This  oxide  is  then  stripped,  and  a  second  masking  oxide 
is  grown  and  patterned  to  place  openings  at  the  location 
of  the  flow-through  holes.  In  contrast  to  our  first  descrip¬ 
tion  of  this  process  {12,  13),  we  now  etch  this  opening 
from  both  sides  at  once.  This  requires  that  the  photoli¬ 
thography  of  the  etch  mask  be  accurately  aligned  from 
front  to  back.  After  the  holes  are  etched  through  the 
wafer,  the  masking  oxide  is  again  removed,  leaving  a 
bare  silicon  wafer,  but  with  all  necessary  fluidics  fea¬ 
tures. 

This  bare  micromachined  wafer  is  then  the  starting 
point  of  the  process  to  make  LAPS  multisensors  {14). 
The  LAPS  process  entails  field  oxidation  (to  1-^m-thick 
oxide);  patterning  to  remove  the  field  oxide  in  the  active 
device  areas;  growth  of  a  thin  (30-nm)  gate  oxide;  and 
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Fig.  3.  Eight-channel  micromachined  LAPS  chip:  {left)  Exploded  view  of  chip  and 
cover  slip  (with  adherent  cells  underneath),  showing  the  illuminating  light-emitting 
diode  (LED)  and  fluidics  connections  for  one  of  the  channels;  the  dimensions  of  the 
channels  are  11.85  mm  x  1  mm  x  ^Q0  fim  {I  x  w  x  h);  (right)  cross-section 
through  the  chip  along  the  fluidics  channel. 

The  figures  are  not  to  scale  (dimensions  normal  to  the  plane  of  the  chip  have  been  exagger¬ 
ated). 


deposition  of  100  nm  of  low-pressure  chemical  vapor- 
deposited  sihcon  nitride.  On  the  back  of  the  chip  a  gold 
layer  is  deposited  and  patterned;  this  layer  is  used  as  the 
bulk  silicon  contact. 

This  micromachining  involves  photolithography  of 
wafers  into  which  deep  channels  and  holes  have  been 
etched.  We  have  been  able  to  overcome  the  serious  dif¬ 
ficulties  this  creates  by  using  very  thick  layers  of  pho¬ 
toresist,  while  still  maintaining  a  reasonable  precision 
of  the  patterning.  Etching  the  openings  from  both  sides 
of  the  wafer  has  several  advantages.  First,  for  a  given 
size  of  the  minimum  opening,  the  extra  space  needed 
because  of  the  angle  of  the  anisotropic  etch  [55°  between 
the  (111)  and  the  (100)  planes]  is  only  half  as  large  as  for 
the  single-sided  etch.  Second,  the  etch  time  is  only  half 
as  long.  Finally,  the  chip  is  less  vulnerable  to  mechan¬ 
ical  damage  than  when  processed  with  a  single-sided 
etch,  which  creates  a  sharp  angle  (35°)  at  the  opening  on 
the  front  of  the  chip. 

The  eight-channel  chip  (see  Fig.  3)  has  been  inte¬ 
grated  into  a  breadboard  microphysiometer  with  man¬ 
ual  sample-switching  valves  and  pneumatically  actu¬ 
ated  flow  of  culture  medium.  The  chamber  volume  is  —1 
fiLy  and  the  ^stem  is  capable  of  operating  routinely  at 
flow  rates  as  low  as  —10  fiUmin, 

Results  of  a  mock  drug-discovery  experiment  per¬ 
formed  on  this  instrument  are  shown  in  Fig.  4.  A  phar¬ 
macologically  active  compoimd  was  successfully  identi¬ 
fied  from  a  mixture  of  16  components  in  eight 
acidification-rate  measurements.  The  optimum  algo¬ 
rithm  for  analyzing  mixtures  of  compoiinds  depends  on 
several  factors,  including  the  costs  of  sample  prepara¬ 
tion,  the  frequen<y  of  positive  responses,  and  the  range 
of  sample  concentrations  that  are  high  enough  to  elicit 
specific  responses,  yet  low  enough  to  avoid  nonspecific 
responses  (16), 

These  results  demonstrate  the  feasibility  of  micro- 
physiometry  based  on  micromachined  LAPS  chips.  We 
are  producing  chips  with  multiple  sensing  spots  per 


fluidics  channel  so  that,  e.g.,  several  types  of  cells  could 
be  tested  with  a  single  sample.  Given  a  fixed  niunber  of 
sensing  spots  per  chip,  some  applications  may  be  opti¬ 
mized  with  few  fluidics  channels  and  many  spots  per 
channel,  others  with  many  channels  containing  few 
spots. 

Additional  improvements  may  be  made  in  compo¬ 
nents  of  the  microphysiometer  system  other  than  the 
LAPS  chip.  Optimization  of  the  electronics  for  this  chip 
configuration  would  increase  both  the  signal-to-noise 
ratio  (S/N)  and  the  time  resolution.  It  would  also  be 
desirable  to  microfabricate  some  of  the  fluidics  compo¬ 
nents  of  the  system.  In  particular,  a  microvalve  array 
placed  close  to  the  flow-through  chip  would  minimize 
the  volume  between  the  valves  and  the  sensor  and  thus 
the  time  needed  for  a  new  compoimd  to  reach  the  sens¬ 
ing  area.  Reducing  the  fluid  volume  of  the  system  up¬ 
stream  of  the  cell  chamber  would  decrease  the  minimum 
sample  volume. 

Single-Cell  Microphysiometry 

In  the  microphysiometers  discussed  above,  acidifica¬ 
tion  rates  are  determined  from  those  cells  that  are  di¬ 
rectly  above  the  sensing  spot  on  the  LAPS  chip,  an  area 
of  1--3  mm^.  Such  a  measurement  is  a  mean  property  of 
a  population  of  a  few  thousand  cells  (—10^  cells/mm^  in 
a  confluent  monolayer).  This  mean  may  mask  substan¬ 
tial  heterogeneity  that  would  be  revealed  if  a  histogram 
of  the  properties  of  individual  cells  were  obtained.  The 
issue  of  mean  vs  distribution  is  best  known  in  the  use  of 
fluorescence  to  analyze  a  population  of  cells:  The  data 
obtained  from  flow  (ytometiy  are  far  richer  than  those 
obtained  from  a  cuvette  of  cells  in  a  standard  spectro- 
fluorometer.  Here  we  describe  the  prospects  for  a  micro¬ 
physiometer  that  could  be  used  to  determine  histograms 
of  single-cell  acidification  rates,  focusing  on  issues  re¬ 
lating  to  LAPS  technology  rather  than  the  hurdles 
posed  by  fluidics  and  cell  handling. 

A  single  cell  on  a  sensing  site  in  any  of  the  microphy  s- 
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Fig.  4.  Mock  drug  discovery  by  a  microphysiometer  based  on  an 
eight-channel  micromachined  LAPS  chip. 

A  common  strategy  to  increase  throughput  when  screening  chemical  libranes 
for  pharmacological  activity  is  to  combine  many  different  chemicals  Into  a 
single  sample  and,  if  that  sample  shows  activity,  to  screen  its  components.  We 
have  assumed  that  before  the  start  of  the  experiment  shown  here,  a  mixture  of 
16  compounds  has  been  shown  to  contain  at  least  one  compound  with  mus¬ 
carinic  activity;  The  sample  has  elicited  a  microphysiometric  response  from 
CHO-K1  ceils  exogenously  expressing  the  rat  m,  muscarinic  receptor  but  not 
from  the  parental  cells  without  the  receptor.  (For  a  description  of  the  cells,  see 
ref.  15.)  To  identify  the  active  compound,  one  prepares  two  samples  contain¬ 
ing  the  16  compounds  as  disjoint  sets  of  eight  As  shown  in  the  top  two  lines, 
only  the  sample  containing  compounds  t-P  elicits  a  response.  The  compo¬ 
nents  of  this  sample  are  then  tested  as  two  four-component  samples  in  the 
fh/rdand  fourth  lines,  and  this  binary-search  strategy  is  repeated  twice  more  to 
identify  chemical  0  as  the  active  one.  Chemical  Owas  indeed  the  muscarinic 
agonist  carbachol;  the  other  15  were  taken  from  a  study  on  the  microphysio¬ 
metric  effects  on  CHO-K1  cells  of  chemicals  randomly  selected  from  the 
Aldrich  Chemicals  catalog:  they  were  known  to  elicit  no  response  in  the 
parental  CHO-K1  cells  but  had  not  previously  been  tested  for  muscarinic 
activity  {16).  In  the  experiment  shown  here,  the  sum  of  the  concentrations  of 
chemicals  in  a  sample  was  100  pmoMl  for  all  samples.  Had  this  experiment 
not  been  for  demonstration  purposes,  it  would  have  been  performed  as  four 
successive  experiments  by  using  two  channels  at  a  time,  rattier  than  eight 
channels  simultaneously. 


iometers  described  above  would  produce  an  acidification 
rate  that  is  undetectably  small  when  averaged  over  the 
site  of  mm^.  Simply  reducing  the  sensing  site  to  cell 
size  is  not  sufl&cient,  for  two  reasons.  First,  protons  dif¬ 
fuse  several  hundred  micrometers  during  1  min,  the 
time  of  a  typical  measurement;  by  dilution,  this  would 
greatly  attenuate  pH  changes  in  the  cell-sized  sensing 
region.  This  is  not  an  issue  in  the  existing  microphysi¬ 
ometer  systems,  in  which  the  layer  of  cells  extends  uni¬ 
formly  throughout  the  .  chamber  so  that  there  is  no  net 
lateral  diSusion  of  protons  into  or  out  of  the  sensitive 
site.  Second,  the  electronic  S/N  would  be  unacceptably 
low  with  the  present  detection  scheme,  in  which  the 
excitation  light  is  directed  to  the  back  of  the  chip. 


Fig.  5.  Cells  in  micromachined  wells  in  a  LAPS  chip:  {left  pane!) 
photomicrograph  of  cubic  wells,  50  pm  on  a  side,  micromachined 
into  the  surface  of  a  LAPS  chip  in  a  square  array  with  75~pm 
separation  between  neighbors  (center-to-center);  {right  panel)  non¬ 
adherent  P388D1  macrophage-like  cells  trapped  within  the  wells  by 
sedimentation. 

Microphysiometric  data  from  an  entire  array  of  such  wells  have  been  reported 
elsewhere  {2). 

The  first  problem  can  be  reduced  by  confining  the  cells 
within  a  structure  that  retards  long-distance  diffusion  of 
protons.  For  example,  a  cell  at  the  bottom  of  a  cubic 
50- Atm  well  in  the  surface  of  the  LAPS  chip  would  in¬ 
duce  higher  pH  changes  in  the  well  than  would  a  cell  on 
a  planar  surface  in  its  neighborhood.  Transiently  block¬ 
ing  proton  transport  across  the  mouth  of  the  well  by 
some  means  would  increase  the  pH  changes  still  more. 
Earlier  in  the  development  of  microphysiometry,  arrays 
of  such  weUs  were  micromachined  in  LAPS  chips  under 
conditions  in  which  the  five  faces  of  each  cube  were  the 
sensitive  sites  on  the  sensor  (2);  an  example  is  shown  in 
Fig.  5.  In  that  case,  however,  each  well  contained  more 
than  one  cell,  and  a  single  acidification  rate  was  deter¬ 
mined  by  directing  a  1-mm^  laser  beam  onto  an  array  of 
—180  wells. 

Confining  cells  to  wells  somewhat  ameliorates  the 
second  problem,  i.e.,  low  S/N  for  small  sensing  spots: 
Compared  with  a  planar  arrangement,  the  five  faces  of 
the  cube  do  increase  the  amount  of  sensitive  surface 
near  the  cell.  In  addition,  our  calculations  indicate  that 
an  electronic  S/N  comparable  with  that  of  the  Cytosen- 
sor  microphysiometer  can  be  achieved  by  directing  the 
light-emitting  diode  excitation  to  the  top  side  of  the  chip 
and  by  making  improvements  in  the  detection  circuitry. 

In  conclusion,  microfabrication  can  substantially  in¬ 
crease  the  capabilities  of  microphysiometry.  The  combi¬ 
nation  of  midtichannel  micromachined  chips  with  mi¬ 
crofluidics  should  increase  throughput  and  decrease 
sample  size,  which  are  of  particular  benefit  to  drug- 
screening  applications.  The  microfabrication  of  enclo¬ 
sures  on  the  cellular  size  scale,  together  with  foresee¬ 
able  improvements  in  LAPS  optical  and  electronics 
technology,  suggests  not  only  that  single-cell  micro- 
physiometry  is  feasible,  but  also  that  such  measure¬ 
ments  can  be  made  on  arrays  of  single  cells. 
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Summary 

The  microphysiometer,  an  instrument  that  uses  a  semiconductor-based 
sensor  to  monitor  cellular  metabolic  activity,  has  been  shown  to  detect  the 
activation  of  a  variety  of  receptors  in  living  cells,  largely  irrespective  of  the 
signal-transduction  mechanism.  Using  the  Cytosensot®  Microphysiometer, 
we  have  studied  agonist  concentration  responses  for  the  activation  of  CHO- 
K1  cell  lines  exogenously  expressing  rat  mi  or  m3  receptors.  Three  levels 
of  receptor  expression  were  investigated  for  each  subtype.  Carbachol  is 
more  potent  for  m3  than  mi  receptors  (0.5  to  1.0  log  unit  lower  EC50):  for 
both,  potency  correlates  positively  with  receptor  density.  The  results  agree 
well  with  those  obtained  by  measuring  phosphoinositide  hydrolysis  and 
intracellular  (Ca++]  in  the  same  cells.  We  also  determined  that  two 
subtype-selective  antagonists,  pirenzepine  (for  mi)  and  p-fluoro-hexahydro- 
sila-difenidol  (for  m3)  displayed  appropriate  differential  ability  to  shift 
carbachol  concentration-response  curves  in  the  microphysiometer.  This 
study  provides  additional  evidence  that  pharmacological  results  obtained  by 
microphysiometry  are  consistent  with  those  obtained  by  more  conventional 
functional  assays. 


Key  IVords:  biosensor,  microphysiometer,  muscarinic  receptors 


The  activation  of  a  receptor  in  a  living  cell  or  tissue  is  most  commonly  observed  by 
monitoring  products  of  a  second-messenger  pathway,  such  as  cAMP  or  protein 
phosphorylation,  or  else  a  physiological  process,  such  as  proliferation  or  muscular 
contraction.  Each  particular  receptor  activates  only  a  small  proportion  of  the  large 
number  of  signal-transduction  pathways  and  functional  effects  that  are  known  to  be 
associated  with  receptor  activation.  In  consequence,  a  wide  spectrum  of  functional 
assays  are  in  use,  each  appropriate  for  a  small  subset  of  known  receptors.  This 
contrasts  with  assays  for  ligand  binding,  where  one  type  of  assay,  radio-ligand  binding,  is 
nearly  universally  used. 

We  have  developed  a  functional  assay  for  receptor  activation  that  approaches  the 
generality  of  radio-ligand  binding.  It  is  based  on  an  instrument,  the  microphysiometer, 
that  measures  the  rates  at  which  cultured  cells  acidify  their  environment  in  a  flow 
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chamber  (1,  2).  This  extracellular  acidification  rate  is  a  measure  of  metabolic  activity, 
because  it  reflects  the  rate  of  production  of  the  acidic  products  of  catabolism,  typically 
lactic  acid  and  C02-  It  can  also  reflect  changes  in  intracellular  pH  (pHj)  caused  purely  by 
the  regulation  of  proton  transport  across  the  plasma  membrane  (3) . 

These  sources  of  extracellular  acidification,  catabolism  and  the  regulation  of  pHj,  are 
altered  by  the  activation  of  most  cell-membrane  receptors  in  ways  that  can  be  detected 
by  the  microphysiometer.  Typically,  the  activation  of  a  receptor  increases  the  acidification 
rate  by  10-100%  within  a  few  minutes.  Depending  on  the  biological  system,  the  response 
may  be  short  lived  or  sustained. 

One  may  then  ask  how  receptor  activation  is  coupled  to  changes  in  extracellular 
acidification  rate.  A  general  answer  is  that  energy  metabolism  and  the  proton  economy  of 
a  cell  are  involved  in  so  many  cellular  biochemical  processes  that  changes  in  cell 
physiology  usually  cause  changes  in  acidification  rate.  Specific  answers  depend  on  the 
system  being  studied;  for  example,  the  regulation  of  glycolysis  and  the  activity  of  the 
amiloride-sensitive  sodium-proton  exchanger  (NHE-1)  are  frequently  involved  (4,  5). 

In  other  work  we  are  attempting  to  elucidate  these  mechanisms  further.  In  this  paper  we 
pose  a  different  question:  How  does  the  pharmacology  of  receptor  activation  that  is 
observed  by  microphysiometry  compare  with  that  observed  by  more  conventional 
means?  To  answer  this,  at  least  in  part,  we  have  studied  a  model  system  in  which 
muscarinic  receptors  are  exogenously  expressed  in  a  mammalian  cell  line. 

Since  1986,  when  Numa’s  group  (6)  cloned  the  first  of  the  five  muscarinic  acetylcholine 
receptors  subtypes  known  to  date,  this  family  of  G-protein  linked  receptors  has  been 
studied  extensively  by  heterologous  expression  in  a  variety  of  mammalian  cells  (7-10). 
Of  particular  interest  here  is  a  study  by  Buck  and  Fraser  (11)  in  which  rat  mi  and  m3 
muscarinic  receptors  (mi  R  and  maR)  were  expressed  in  CHO-K1  cells  at  three  different 
expression  levels  for  each  subtype.  Concentration-response  curves  were  obtained  by 
those  authors  for  the  carbachol-induced  accumulation  of  inositol  phosphates. 

Using  these  same  six  cell  lines,  we  have  also  observed  responses  of  intracellular 
calcium-ion  concentration,  [Ca++]j,  to  carbachol,  and  we  have  compared  both  to  the 
concentration-response  characteristics  for  extracellular  acidification  rate.  In  addition,  we 
have  explored  the  effects  of  two  antagonists,  one  mi  R-selective  and  one  maR-seiective, 
on  the  stimulation  of  acidification  rate  evoked  by  carbachol  in  single  examples  of  both  the 
miR  and  maR  lines. 

This  work  expands  on  brief  previous  studies  in  which  we  reported  a  concentration - 
response  curve  for  carbachol  stimulation  of  extracellular  acidification  by  activating  an 
miR  (2)  and  showed  that  atropine,  a  muscarinic  antagonist,  inhibited  this  stimulation  (12). 

Methods 

Chemicals  and  cell  lines.  Unless  otherwise  noted,  chemicals  were  obtained  from  Sigma 
(St.  Louis,  MO).  Pirenzepine  (PZP)  and  p-fluoro-hexahydro-sila-difenidol  (pFHHS)  were 
obtained  from  RBI  (Natick,  MA).  L-[benzilic-4,4’-3H(N)]-quinuclidinyl  benzilate  (pHJQNB, 
38.8  Ci/mmol),  was  purchased  from  NEN  Research  Products  (Buster,  NH).  The  three 
mi  R/CHO  and  three  maR/CHO  cell  lines  studied  by  Buck  and  Fraser  (1 1 )  were  obtained 
from  ATCC.  The  ATCC  designations  are  listed  in  Table  I,  along  with  the  designations 
that  we  have  used  in  this  paper:  ml  Low.  ml  Mid,  ml  High,  m3Low,  m3Mid,  and  m3High, 
to  indicate  the  subtype  of  the  muscarinic  receptor  and  the  rank  order  of  expression  level. 
Cells  were  maintained  in  Ham’s  F-1 2  culture  medium  supplemented  with  50  jig/mL  G-418 
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and  10%  fetal  bovine  serum  in  a  humidified  atmosphere  (5%  CO2)  at  37  C.  Cells  were 
serum  starved  for  18  hours  prior  to  experiments. 

Radioligand  binding  assays.  Cells  were  removed  from  flasks  using  EDTA  and 
centrifuged  for  5  min  at  500  x  g.  The  cell  pellets  were  suspended  in  ice-cold  hypotonic 
lysis  buffer  (5  mM  NaP04,  pH  7.4,  2  mM  MgS04)  and  homogenized  using  a  glass 
Dounce  homogenizer.  Cell  homogenates  were  centrifuged  at  1000  x  g  for  5  min,  and  the 
supernatant  was  collected.  Supernatants  were  centrifuged  at  100,000  x  g  for  15  min, 
and  the  pellet  was  resuspended  in  binding  buffer  containing  20  mM  NaP04,  pH  7.4,  2 
mM  MgS04.  Protein  concentrations  were  determined  using  BioRad  protein-concentration 
determination  reagent  and  bovine  serum  albumin  as  a  standard.  [^HJ-QNB  binding 
reactions  were  performed  in  triplicate  at  concentrations  from  25  pM  to  5  nM.  Binding  was 
initiated  by  the  addition  of  membranes  (~10  pg  membrane  protein  per  assay)  for  a  final 
volume  of  0.5  mL.  After  60  min  at  37  C,  the  reaction  was  terminated  by  filtration  over 
Whatman  GF/C  filters.  Filters  were  washed  with  2x5  mL  ice-cold  binding  buffer  and 
placed  in  glass  vials.  Radioactivity  was  determined  by  counting  in  a  liquid  scintillation 
counter.  Data  were  analyzed  in  terms  of  a  single  population  of  receptors  using  the 
nonlinear  curve-fitting  routine  on  KaleidaGraph®. 

Microphysiometry.  Microphysiometry  was  performed  in  a  Cytosensor  Microphysiometer 
(Molecular  Devices,  Menlo  Park,  CA).  Each  flow  chamber  of  the  instrument  was 
assembled  with  2.5  10®  cells  grown  on  the  3  pm  microporous  polycarbonate  membrane 
of  a  capsule  cup  (Molecular  Devices).  Cells  were  perfused  with  a  low  buffered  RPMl- 
1640  culture  medium  (Irvine  Scientific,  Santa  Ana,  CA)  at  37  C.  The  acidification  rate 
was  measured  every  90  s  (flow  on  at  100  pL/min  for  60  s,  flow  off  for  30  s,  with 
acidification  rate  measured  during  seconds  5  to  25  of  the  flow-off  period).  Agonist  was 
introduced  just  prior  to  a  flow-off  period  and  flushed  out  when  flow  resumed.  The  total 
time  of  exposure  to  agonist  was  about  1  min. 

Concentration-response  curves  were  obtained  by  exposing  the  cells  sequentially  to 
increasing  concentrations  of  agonist  for  durations  of  1  min  at  intervals  of  30  min.  a 
protocol  designed  to  limit  desensitization.  The  response  was  taken  as  the  increase  in 
acidification  rate  upon  addition  of  agonist  (difference  in  rates  for  the  data  points 
immediately  before  and  after  exposure  to  agonist),  normalized  by  the  basal  acidification 
rate  prior  to  the  lowest  concentration  of  agonist.  Agonist  potency  was  calculated  by 
determining  the  concentration  of  agonist  that  produced  half-maximal  stimulation  (EC50) 
by  interpolation  on  a  plot  of  response  vs.  log[agonistJ.  and  is  reported  as  pECso^ 
-log  (EC  so)- 

[Ca**]i  measurements.  Cells  grown  on  25  mm  cover  slips  were  incubated  for  10  min  at 
room  temperature  in  medium  augmented  with  10  mM  N-2-hydroxyethylpiperazine-N’-2- 
ethanesulfonic  acid  (HEPES),  containing  12  pM  fura-2  AM  (Molecular  Probes,  Eugene, 
OR).  The  cover  slip  was  then  transferred  to  a  petri  dish  containing  fresh  medium  and 
incubated  for  another  10  min  to  allow  complete  de-esterification  of  the  dye.  It  was  then 
placed  in  an  open  chamber  atop  the  stage  of  an  inverted  microscope  (Nikon  Diaphot). 
Solutions  were  changed  by  rapidly  drawing  off  medium  in  the  chamber  and  pipetting  in 
fresh  medium.  In  this  manner  solutions  could  be  changed  in  about  1  second. 
Fluorescence  was  measured  in  a  PTI  (Deltascan,  Model  4000,  South  Brunswick,  NJ) 
dual-excitation  spectrofluorometer.  The  excitation  monochromators  were  set  at  345  and 
380  nm  (bandwidth  of  3  nm),  and  the  fluorescence  was  measured  at  510  nm  (bandwidth 
20  nm)  as  the  ratio  of  the  intensities  resulting  from  excitation  at  345  and  380  nm.  This 
ratio  was  approximately  a  linear  function  of  [Ca++]i  throughout  the  range  of  changes  in 
[Ca"*^]!  evoked  by  the  agonist.  EC50  was  determined  by  interpolation  on  a  plot  of  ratio  vs. 
log[agonist]. 
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Statistical  analysis.  Uncertainties  are  reported  as  ±  standard  error  of  the  mean  (SEM).  A 
two-tailed  unpaired  t  test  with  p<0.05  was  used  as  the  test  of  statistical  significance. 


Results  and  Discussion 

Ligand  binding.  Radio-ligand  binding  experiments  were  performed  on  plasma-membrane 
preparations  to  confirm  the  values  of  receptor  density  reported  by  Buck  and  Fraser  (11) 
for  these  same  cell  lines.  The  resulting  estimates  of  the  receptor  densities  are  shown  in 
Table  I.  Agreement  with  the  previously  published  values  is  close  at  low  densities  and 
within  about  a  factor  of  two  at  high  densities;  the  rankings  of  densities  within  a  receptor 
subtype  are  identical.  We  did  not  attempt  to  obtain  reliable  estimates  of  affinities,  instead 
referring  the  reader  to  Buck  and  Fraser  (11). 

Kinetics  of  agonist-induced  changes  in  extracellular  acidification  rate.  Agonist-induced 
changes  in  acidification  rate  were  detectable  for  all  cell  lines  except  the  lowest-density 
miR  construct,  ml  Low.  The  kinetic  profile  of  the  response  depended  on  the  receptor, 
the  level  of  expression,  the  concentration  of  agonist,  and  the  length  of  time  that  the  cells 
were  exposed  to  the  agonist. 

For  sustained  exposure  to  agonist  (>1  min),  under  most  circumstances  the  response 
began  with  a  peak  at  the  first  data  point  after  the  beginning  of  exposure  to  agonist  {~1 
min)  and  thereafter  fell  to  a  lower,  slower  response  that  was  sustained  even  after  the 
withdrawal  of  agonist;  see  Fig.  1 .  Exceptions  were  when  agonist  concentration  was  low 
(«EC5o)  or  the  expression  level  of  receptor  was  low.  In  these  cases,  instead  of  an  initial 
peak,  the  maximum  response  appeared  after  several  minutes.  Thus,  muscarinic 
stimulation  of  acidification  rate  in  this  system  was  characterized  by  fast  and  slow  phases, 
and  the  fast  phase  was  not  observed  when  the  number  of  occupied  receptors  was  low. 
Qualitatively  the  same  two-component  behavior  was  shown  by  (Ca‘*+]i  (data  not  shown). 
The  existence  of  these  two  components  of  the  response  is  consistent  with  the  work  of 
Lambert  et  al.  (13)  on  miR/CHO  and  msR/CHO  and  of  Tobin  et  al.  (14)  on  maR/CHO 
cells;  in  these  studies,  inositol  trisphosphate  concentrations  peaked  less  than  one  minute 
after  the  addition  of  agonist  and  then  fell  to  lower,  but  still  elevated,  levels  that  were 
sustained  for  tens  of  minutes. 

When  exposure  to  agonist  was  brief  (si  min),  the  slow,  sustained  phase  was  diminished 
(Fig.  1).  This  was  more  pronounced  for  the  mi  R  than  the  msR  cells.  Whether  this 
difference  was  due  to  the  higher  affinity  of  the  m3  R  for  carbachol  (1 1 )  or  to  differences  in 
signal  transduction  intracellularly  is  not  clear. 

Desensitization  and  assay  protocol.  Receptor  desensitization  is  worth  studying  because 
of  its  regulatory  significance  (15),  and  in  our  study  it  has  additional  practical  importance. 
Our  assays  were  based  on  repeated  applications  of  increasing  concentrations  of  agonist 
to  a  population  of  ceils;  desensitization  would  decrease  the  later,  high-concentration 
responses.  It  was  therefore  necessary  to  design  the  protocol  to  minimize  the  effects  of 
receptor  desensitization.  One  part  of  the  strategy  was  to  limit  the  exposure  of  the  cells  to 
agonist  to  ~1  min  for  each  application. 

The  second  part  was  to  wait  long  enough  between  challenges  with  agonist  for  substantial 
recovery  of  the  cells.  As  is  shown  in  Fig.  2,  when  cells  were  re-exposed  to  a  high 
concentration  of  agonist  within  10  min  of  an  initial  stimulation,  the  second  response  was 
greatly  diminished.  When  20  min  elapsed  between  exposures,  the  second  response  was 
decreased  by  10-15%.  The  cellular  response  did  not  recover  completely  within  30  min, 
the  longest  time  tested.  The  kinetics  of  desensitization  were  similar  to  those  observed 
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Response  to  cholinergic  stimulation  in  the  microphysiometer.  As  indicated  in  the 
cells  expressing  low  or  high  levels  of  the  msR  were  exposed  to  0.3  pM  or  100  pM 
carbachol  tor  1  or  10  min.  Representative  data  are  shown  (n=3  or  4). 


Fig.  2 

Time  course  of  recovery  from  desensitization.  Each  chamber  was  exposed  to  100  pM 
carbachol  for  1  min  twice:  once  at  t=0  and  subsequently  at  t=5  to  30  min.  The  peak  beight 
of  the  second  response  in  the  microphysiometer  was  plotted  as  a  percent  of  the  imtiai 
response,  ml  High  is  indicated  by  filled  circles,  m3High  by  open  circles.  Error  bars 
represent  SEM  (n=2). 


578 


Microphysiometer  Study  of  nijR  and  in3R 


Vol.  55,  No.  8, 1994 


by  Tobin  et  al.  (14)  for  the  agonist-induced  desensitization  of  phosphoinositide  hydrolysis 
in  maR/CHO  cells,  which  itself  may  be  linked  to  phosphorylation  of  the  receptor  (16). 

Designing  a  functional  assay  is  facilitated  by  the  fact  that  the  microphysiometer  is  based 
on  a  flow  chamber;  one  can  control  the  time  that  cells  are  exposed  to  effector  agents  with 
a  resolution  of  <1  min.  Nevertheless,  some  effects  of  desensitization  can  be  seen  in  the 
diminished  responses  at  the  highest  agonist  concentrations  for  the  cells  expressing  the 
highest  density  of  receptors  (Fig.  3).  Based  on  comparisons  with  other  functional  assays 
in  the  same  system  (see  below),  it  appears  that  desensitization  had  no  major  impact  on 
the  estimates  of  agonist  potency  that  we  obtained.  The  effects  of  desensitization  on 
acidification  rate  vary  with  receptor/cell  system,  so  our  results  do  not  necessarily  shed 
light  on  the  behavior  of  other  systems. 

Concentration-response  results.  Typical  concentration-response  curves  are  shown  in 
Fig.  3,  and  the  derived  pECso  values  are  presented  in  Fig.  4  and  Table  I.  For  both  the 
mi  R  and  msR  constructs,  increasing  receptor  density  increased  the  potency  of  carbachol 
(decreased  EC50)  throughout  the  range  of  expression  levels  studied.  The  effect  of 
receptor  density  on  response  was  greater  for  the  m  1 R  system,  which  showed  the  greater 
range  of  receptor  densities.  There,  no  carbachol-induced  change  in  acidification  rate  was 
detectable  for  the  lowest-density  cell  line,  and  the  potencies  of  carbachol  differed  by 
almost  an  order  of  magnitude  between  the  higher-density  ceil  lines  (ApEC50=0.86±0.21). 

Controlling  for  receptor  density,  carbachol  was  more  potent  on  the  msR  than  the  mi  R 
cells.  A  response  could  be  detected  for  m3Low,  but  not  ml  Low.  At  higher  receptor 
density,  the  pECso  for  the  m3  cells  was  the  higher  by  =0.8  (from  Fig.  4). 

The  maximum  amplitude  of  the  agonist-induced  increase  in  acidification  rates  was  not  as 
reproducible  as  the  EC50,  and  it  varied  primarily  between  experiments  rather  than  within 
an  experiment.  The  four  cell  lines  expressing  medium  and  high  levels  of  receptor  were 
statistically  indistinguishable  from  one  another  based  on  n=3  to  7  determinations  of 
maximum  amplitude  per  cell  line.  Lumped  together,  they  had  a  mean  maximum  increase 
of  47±5%  (standard  deviation  22%,  n=18).  The  maximum  amplitude  of  the  response  of 
m3Low  was  9+3%  (n=3),  which  was  significantly  lower  than  that  of  the  other  responding 


TABLE  I. 

The  potency  of  carbachol  in  the  six  muscarinic/CHO  cell  lines,  determined  by  three 
methods. 


Cell  line 

ATCC 

desig¬ 

nation 

Recep¬ 

tor 

Density 

fmol/mg 

protein 

pECso 

Microphys. 

rCa++]i 

ml  Low 

CRL1986 

mi 

NR 

NR 

NRc 

ml  Mid 

CRL1 984 

mi 

360 (370) 

4.69±0.08 

4.91±0.11 

5.20±0.14 

ml  High 

CRL1985 

mi 

1900  (800) 

5.55±0.19 

5.36±0.04 

5.46±0.16 

m3Low 

CRL1983 

npitw 

4.77±0.06 

4.86±0.08 

NR 

m3Mid 

CRL1981 

m3 

5.99±0.07 

5.98±0.32 

5.6610.19 

m3High 

CRL1982 

m3 

1400  (690) 

6.33±0.13 

6.07±0.17 

5.8710.30 

3  Estimated  from  Fig.  2  of  Buck  and  Fraser  (11). 
h  Numbers  in  parentheses  are  determinations  by  Buck  and  Fraser  (11). 
c  No  response  detected 
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[Carbachol]  (|iM) 


Fig.  3 

Concentration  responses  of  the  six  cel!  lines  to  carbachol.  Representative  data  are  shown 
(n«3  to  5). 


Log  Receptor  Density  (fmol/mg) 


Fig.  4 

Potency  of  carbachol  as  a  function  of  receptor  density  for  the  nriiR  and  maR  cell  lines,  as 
determined  by  three  functional  assays:  microphysiometry,  intracellular  Ca**”*',  and  PI 
hydrolysis.  Error  bars  represent  SEM  (n=3  to  5).  The  PI  hydrolysis  data  were  taken  from 
Buck  and  Fraser  (11),  with  error  bars  estimated  from  their  Fig.  2.  Data  are  slightly  offset 
horizontally  for  clarity  of  presentation. 
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cells.  It  is  well  established  that,  in  miR/CHO  and  maR/CHO  cells,  the  former  show  a 
substantially  greater  maximal  stimulated  hydrolysis  of  phosphoinositides  (11,  17,  18). 
There  is  no  evidence  that  similar  differences  exist  in  the  maximum  amplitudes  of  agonist- 
induced  increases  in  acidification  rates. 

Intracellular [Ca**].  Increases  of  [Ca++]i  evoked  by  carbachol  showed  a  pattern  similar 
to  that  for  the  stimulation  of  acidification  rates.  No  response  was  observed  for  ml  Low, 
and  the  pECso  values  for  the  remaining  cell  lines  are  shown  in  Table  I  and  Fig.  4.  The 
dependence  of  pECso  on  receptor  density  was  statistically  significant  comparing  ml  Mid 
and  mlHigh,  and  comparing  m3Low  to  either  m3Mid  or  m3High,  but  not  comparing 
m3Mid  and  m3High. 

Comparison  of  microphysiometry  to  second-messenger  assays.  Examination  of  the 
results  in  Fig.  4  and  Table  I  shows  that  functional  assays  based  on  microphysiometry, 
phosphoinositide  hydrolysis,  and  [Ca''"*']i  give  a  broadly  consistent  picture  of  the  potency 
of  carbachol  for  activating  mi  R  and  msR  in  CHO-K1  cells,  for  expression  levels  ranging 
from  100  fmol/mg  protein  to  nearly  2000  fmol/mg  protein.  By  all  three  assays,  the 
potency  of  carbachol  for  activating  the  msR  was  0.5-1  log  unit  higher  than  that  for  the 
mi  R 

The  lowest  expression  levels  studied,  ~100  fmol/mg  protein,  induced  responses  that  were 
near  or  below  the  limits  of  detection  of  the  assays.  None  of  the  three  methods  detected  a 
response  in  the  ml  Low  cells.  No  change  in  phosphoinositide  hydrolysis  was  observed  in 
m3Low.  This  might  reflect  a  lower  sensitivity  of  the  phosphoinositide  assay  (see,  e.g., 
(19)  or  perhaps  some  difference  between  the  cells  used  by  Buck  and  Fraser  (11)  and 
those  used  in  our  study. 

At  higher  densities,  >300  fmol/mg  protein,  microphysiometry  clearly  indicated  that 
potency  increased  with  receptor  density.  The  two  second-messenger  assays  displayed 
the  same  trend,  but  statistical  significance  was  only  present  for  [Ca+'^Ji  measurements  on 
the  miR  system.  The  relationship  between  potency  and  receptor  density  is  not 
necessarily  straightforward.  For  example,  Mei  et  al.  (20)  examined  a  series  of  eight  B82 
fibroblast  cell  lines  into  which  the  rat  mi  R  had  been  expressed  at  levels  ranging  from  60 
to  1300  fmol/mg  protein.  They  found  an  eight-fold  range  of  EC50  for  carbachol,  but  only 
a  weak  positive  correlation  with  receptor  density. 

Subtype-selective  antagonists.  Buckley  et  al.  (21)  have  described  the  binding  properties 
of  nine  muscarinic  antagonists  for  the  rat  mi  R  and  human  maR  through  msR  expressed 
in  CHO-K1  cells.  Considering  the  mi  R  and  maR,  the  greatest  mi  R  selectivity  was  1 1  - 
fold,  shown  by  PZP.  No  antagonist  showed  comparable  selectivity  for  the  maR.  Another 
antagonist,  pFHHS,  was  reported  to  have  14-fold  selectivity  for  maR  vs.  the  niiR  in  a 
binding  study  on  tissues  (22),  though  a  later  study  using  the  receptors  expressed  in  CHO- 
K1  cells  found  a  selectivity  of  only  5-fold  (23). 

We  studied  the  effects  of  PZP  and  pFHHS  on  the  carbachol  concentration-response 
relationship  for  the  cells  expressing  the  highest  densities  of  each  receptor  subtype.  As  is 
shown  in  Fig.  5,  the  antagonists  shifted  the  carbachol  concentration-response  curves  to 
the  right  in  a  concentration-dependent  fashion.  Fig.  6  summarizes  the  shifts  in  carbachol 
pECso  induced  by  the  two  antagonists.  In  all  cases,  increasing  the  concentration  of 
antagonist  progressively  shifted  the  carbachol  curve  to  the  right,  except  that  for  100  nM 
pFHHS  on  the  miR  cells  the  shift  was  not  statistically  different  from  zero.  We  do  not 
present  a  Schild  analysis,  which  assumes  agonist-antagonist  binding  equilibrium:  under 
our  rapid  data-collection  protocol  the  agonist  had  not  fully  equilibrated  with  the  slowly 
dissociating  antagonist  (24, 25). 
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[Carbachoi]  (^M) 

Fig.  5 

Shifting  the  concentration-response  curves  for  carbachoi  with  competitive  antagonists. 
Results  are  shown  for  PZP  with  miHigh  and  pFHHS  with  mSHigh.  The  two  other 
combinations  (PZP  with  mSHigh  and  pFHHS  with  mtHigh)  are  not  shown.  Representative 
data  are  shown  (n=3). 


100  nM  300  nM  1000  nM 


[Antagonist],  nM 

Fig.  6 

Summary  of  studies  with  subtype-selective  antagonists.  PZP  and  pFHHS  show  the 
expected  subtype  selectivity  in  shifting  the  agonist  concentration-response  curves  for 
ml  High  and  m3High.  Error  bars  represent  SEM  (n=s3). 
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Effecte  of  Cholinet^c  Agents  on  Cellular  Metabolism  in 
Cultured  Suprachiasmatic  Nucleus 

V.  Cao,  J.  Owicki,  D.  FHgar,  and  JJ).  Miller,  Departments  of  Psychiatry  and  Biology,  Stanford  University,  Stanford,  CA 

and  Molecular  Devices  Corporation,  Menlo  Park,  CA 

Soc.  tkumsei.  Atur.  17: 672  (1991) 


Introduction 

Cboimergic  agenu  phue  ahih  the  dfcadma  ciock  ^  pieaumabty  through  a  nioocinic 
raoepBor.  Since  high  affmicy  nioocmic  binding  wut  in  (he  supnchiaMnatic  nucleus  (SCN)  have  not 
been  demonaumted  autoiadiogiephkailty.  k  haus  been  suggeaed  that  phase  shifting  effects  of 
chotineigic  agena  are  mediated  by  a  recepcor  remote  froni  the  SCN.  However,  more  recent 
decTOphydotogkniandimnaiDohiatochemkaidauindkntetheeidaeneeof  both  niocxinicand 

oBMcahnic  reoeptoia  in  the  SCN. 

Ihe  present  invesagabon  nraminrri  (he  ttaoire  of  choUnei^  receptors  in  cuhired  SCN  cells 
hom  two  day  oid  iia.  Esnncelkilar  aririifirarinp^  fbttowing  a  one  minuie  pause  in  the  perfusion  of 
Gocygemifid  medium,  was  used  aa  an  index  of  orihilar  meuboUim  in  a  mkaophysiofTeier.  Sister 
oukuies  were  i«hHW4  for  iMUions  (MAPZ)  and  astrocytes  (GFAP).  The 

efifeos  of  carbachol  (a  non-tpedfse  chdinergic  agonisO  and  niootme  on  SGN  metabolism  were 
direafy  compared  and  a  dose  lesponae  curve  was  ooraouaed  for  nioodne.  Finiily,  we  examined 
whedrer  the  efiecti  of  nioodne  cotiki  be  blodoed  by  (he  riitairai  nicotinic  anugonist, 
mecamyiamine. 


Methods 

Pregnane  Spra^ie  Dawiey  rare  were  housed  on  a  12:12  Ugh(  dark  cycle  for  two  weeks  prior 
to  giving  binh.  On  the  day  of  dasue  haiveu,  two  day  old  rau  were  sacrificed  and  their  brains 
removed  Hanks  Balanoed  Sotuden  OQtSS)  coraainang  0.1%  Bovine  Serum  Albumn 
CBSA)  and  1  mMHepes.  The  SCN  were  rarranffri  under  a  disseamg  scope,  wah  the  opuc  nerve 
aa  the  tenjor  landmark.  A  cubre  ndlltmeter  of  dame  sunounding  the  optic  nerve  was  disseaed  axL 
Alter  all  SCNa  were  harvested,  they  were  washed  three  dmea  n  sterile  HBSS  with  0.1%  BSA 
and  1  mM  Hepes.  The  dsauea  were  then  tianafened  to  a  tube  cananng  HBSS  with  0.1%  BSA,  I  mM 
Hepea  and  10%  trypsin.  The  dasuea  were  cbgeaied  in  trypsin  ai  37*  C  for  20  minutes,  at  which 
point  they  were  uinnated  using  a  fiiepoliahed  Pasteur  pipeoe,  pretreated  with  1%  piosil,  undl  the 
oeils  were  fully  disperaed.  The  cell  mapenaxma  were  (hen  cenoifugesd  at  llOOg  for  8  minutes  at 
room  tempfttaiure.  The  cell  pellets  were  then  resuspended  in  5  ml  HBSS  with  0.1%  BSA  and  1  mM 
Hepea,  overlaid  on  the  auifaoe  a  4%  BSA  sokiiion  and  spun  down  for  5  minutes.  Cells  were 
washed  three  times  in  plating  media  CPuJbeeoo'a  ModiRed  Eagle  Medium  wah  5%  Fetal  Bovine 
Sennn  and  1%  Penidlliri^StreptoinydtOi.  each  wash  oonssKing  of  resuspending  the  cells  in  pladng 
media  and  oenixifuging  at  UOOg  for  5  ndnuiea.  Cells  were  plated  onto  a  txanawdl  cup  O  li> 
por^  polycubonaie  membeane  which  had  been  ptetreated  with  poly-d*tysine  ovemighL 

Experiments  were  peifawned  from  CT^-CT  8  (day  5  or  6  in  cukure)  on  a  given  day.  A  50  p 
spacer  and  a  uanswdl  inaeft  were  added  to  the  oanawell  cup,  fonning  a  kind  of  cellular  sandwich 
Ongure  1).  The  aarembly  was  then  loaded  into  the  flow  chamber  of  a  microphysiomeier  provided 
by  the  Molecular  Devices  Corponuion;  Figure  2  shows  the  schematic  diagram  of  a 
mioophyaiometer  system  The  cells  were  perfiiaed  at  100  pl/min  with  Dulbeooo's  Modified  Eagle 
Medann  <PMEM)  without  sodium  bicarbonaie  or  pyruvate,  pHed  to  7  A  t  .01  and  allowed  to 
equilibcue  for  one  hour.  Varkxjs  ooncenamdora  of  nioodne;  carbachol  and  mecamytamine  were 
diasclved  in  OMEM  and  pHed  to  7 A  ±  .01.  For  the  nioodne  doK  response  experiemtns  1  pM,  3 
pM,  10  pM.  and  30  pM  nicotine  oonoentnuions  were  employed.  Each  chamber  was  pulsed  with  a 
single  ooncenuadon  of  nioodne  for  20  izanutes  foUowed  by  a  20  minute  leoovery  period;  this 
protocol  was  repeated  twice  for  each  chamber,  in  a  second  experimental  senes,  the  non-speofic 
cholinergic  agonmt  carbachol  (10  pM)  was  adminigered  three  tunes  for  5  miniaes  with  10  minute 
reoDvery  perxxis  between  pukes.  Three  pukea  of  10  pM  nicotine  for  5  minutes,  etch  folioaed  by 
10  nanute  recovery  periods,  were  then  appbed  to  the  chambers  which  had  pieviousiy  reoetved 
the  of  caibachol.  Other  ouiturei  (eceived  the  cwo  drugs  in  oouiuabaknced  order  (nicoone, 
then  carbachol).  In  the  thud  study,  10  pM  nicotine  was  applied  twice  for  20  mmuies  with  20 
mimue  recovery  periods  beeween  each  puke.  After  the  pulses  of  niootme,  10  pM  nicoone  and 
10  pM  meamylamine  (a  nioocmic  atuagoraaO  were  coadminisiered  for  20  mmuies  m  cwo  con* 
seojove  erkk  to  the  tame  chambers  which  had  received  the  pukes  of  10  pM  nicoone;  each  pulse 
was  followed  by  a  20  minute  recovery  period. 

Cellular  metabolic  rate  was  indetad  by  taking  the  slope  of  the  best  fit  line  of  the  acidification 
rate  during  a  one  mmute  pause  in  tissue  perfusron.  Mean  acidification  rates  were  then  alcuiaied 
over  drug  or  baseline  penod.  Percem  change  from  baseline  scores  were  then  calculated  for 
the  various  dmg  treatments  for  the  indxviduai  cuituiea. 
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Schematic  Diagram  of  Microphysiometer  System 
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Figure  Z  Sdiemaac  diagram  of  microphysiometer  system. 


Figure  3.  Individual  data  from  one  SCN  culiuie.  A)  Throe  prtirnannre  of  niooone  (10  pM)  foUowed  by 
three  presemaaons  of  carbachol  (10  pMX  B)  Three  preaentaoons  of  cirbadiol  (10  pM)  followed  by  three 
peesenoaons  of  naoMine  (10  pM).  Note  the  inhibtuxy  response  to  ncoone.  This  was  the  predomimnt 
response,  oooumng  in  70%  of  the  cukures  (3V48  cultures). 
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Etft«ta  of  Itecamylamlne  on  Nicotinic  IntiibtUon 


flipjw*  7.  Pff**"**  of  ffiecunyliinine  on  ntooofuc  mhibimn.  Cotdminiiaiooo  of  ntnrmiyiniuiie  doo  ooi 
anttgonize  the  intibcoiy  effea  of  nioodne  on  rrihilif  meabdiffn  (n  •  10,  tnifaia  cm-  0.76,  m) 

or  die  itciiuatory  effect  (n  -  3.  dttt  not  thoem). 


Conclusion 

1.  The  ptedominant  effett  of  niooone  in  cuimwd  SCN  ceUa  it  inhfcition  of  cefluhf  mfttboiign. 
Cafbtchol,  in  oonuist,  minaraily  effeos  oeUuiir  meobotiMn  at  the  aane  concomtioo. 

2.  The  rffoa  of  nkMtinc  is  ek»c  dependent  and  cxpiainabie  in  term  of  a  angle  ooaipanqr 
model. 

3.  The  effea  of  nioocine  on  oellulir  metabolism  is  not  aiuj^onized  by  (he  daiacai  nioodnic 
antagonist,  mecaniylainine. 

4.  N7e  sug9»  (hat  nioodne  imy  act  in  the  SCN  via  a  leladvelylovaffincy  binding  tie  OiM 
range)  with  even  kwer  affinity  for  taibachoi.  The  indfeotivenem  of  mocamyiaiianc  further 

suggesiB  (hat  the  niooonic  receptor  in  the  SCN  may  be  soueaxiiily  different  from  penphcral 

niootmk:  teoeptofs.  Molecular  heterogeracy  in  brain  nicocinic  reoeptoca  and,  in  paraoilar, 

hypothalamic  nioodnic  reoepion  has  been  previouily  repotted. 

This  leseaich  was  supported  in  part  by  a  grant  from  (he  Upjohn  Company. 


Figure  4.  Indvidual  dia  from  one  SCN  cuiaire.  A)  The  aihifaioon  of  odhilar  meabolism  by  niooiine 
adRunstfsoon  (10  pM)  is  not  sffeaed  by  eosdmiAHmaon  of  the  noMiiue  anagonist  mecunyismne  (10  pMX 
B)  (ncrasci  in  oeiiular  meaboliim  tuduaed  by  10  pM  meoune  (in  about  20H  d  the  oiiturea,  10/48 
oulaMCi)  u  not  affecBBd  by  ooadnuniairatton  of  mecamylafnine  (10  pM) 


Dom  Ruponsa  Curve  for  Nicotine  « 


Figure  5.  Doae  mpondoa  curve  for  recounic  inhibioon.  Niooune's  effeca  are  does  dependent.  The  Hill 
pkx  (inset  exhibia  a  new  uniary  slope,  suggeMng  a  amgle  receptor  occupancy  modd  for  the  effeos  of 


Effects  of  Nicotine  end  Cerbechof 


Figure  d  Effeca  of  nieoaire  ami  oibadsol  (group  daeaX  Inhibidon  of  meabolism  by  nicoone  (10  pM)  is 

mudi  stronger  than  inhibioon  by  caitiachoi  (10  pM)  at  phyisolosicallyfdeyamd^  -  p<  001,  within 

tubfBosticstoampanng  tnhfaiiory  ^eca  of  niooone  and  oarbachoL  Inorases  in  moabolism  are 
ooeaaonaUy  praduend  by  niooene  (10  pM.  n  -  3)  or  by  carbadiol  (10  pM.  n  -  6),  but  these  responses  do 

nos  dffer  from  each  odim.  The  mmbmedpoatmcdiolinergicfapoosc  (nicoone  or  carbachoO  is 

sigpificMUly  greater  than  0  ( t  -  2.9,  df  -  8,  p<.01). 


Monitoring  Changes  in  Proton  Metabolism  Enables  a 
Functional  Analysis  of  Inwardly  Rectifying  Potassium 
Channels  Expressed  in  Yeast. 

Soc.  Neurosci.  Abstr.  21: 1324  (1995) 

K.M.  Hahnenbergeri,  S.  Kurtz^,  T.  HoshP,  and  D.L  Miller^. 

1.  Molecular  Devices  Corporation,  Sunnyvale,  CA  94089 

2.  Bristol-Myers  Squibb  Pharmaceutical  Research  Institute,  Princeton, 
NJ  08542 

3.  Dept,  of  Physiology,  University  of  Iowa,  Iowa  City,  lA  52242 

It  has  previously  been  shown  that  expression  of  mammalian 
cardiac  inwardly  rectifying  K  channels  and  a  member  of  the  Shaker 
superfamily  of  K  channels  from  Ajrabidopsis  thaliana,  complement  a 
defect  in  potassium  uptake  in  yeast  strains  lacking  both  high  and  low 
affinity  potassium  transporters.  In  yeast,  K  is  taken  up  in  a  1:1  ratio 
with  extrusion  of  protons.  The  plasma  membrane  H-ATPase 
establishes  a  highly  negative  electrical  potential  across  the 
membrane,  which  presumably  maintains  the  inwardly  rectifying  K 
channels  in  the  open  state. 

We  have  utilized  the  tight  coupling  between  potassium  uptake 
and  proton  extrusion  in  yeast  to  aniyze  the  function  of  inwardly 
rectifying  K  channels  using  microphysiometry.  The  microphysiometer 
is  a  silicon  sensor-based  instrument  which  measures  the  rate  at 
which  cells  acidify  their  external  environment  cuid  can  be  used  to 
detect  small  changes  in  proton  fluxes  across  the  plasma  membrane. 
Exposure  to  yeast  cells  expressing  a  guinea  pig  cardiac  IRKl 
homologue  or  the  A.  thaliana  KATl  gene  to  channel  blockers  such  as 
Cs  and  TEA  results  in  a  rapid  and  transient  decrease  in  proton  flux. 
Removal  of  the  channel  blockers  results  in  a  transient  increase  in 
acidification  rates.  The  effectiveness  of  the  channel  blockers  varied; 
the  strain  expressing  the  inward  rectifying  K  channel  exhibits  a 
greater  response  to  Cs,  while  the  strain  expressing  the  plant  Shaker 
channel  was  more  affected  by  TEA.  This  system  can  be  used  to 
perform  mutational  analysis  of  ion  channel  function  and  to  identify 
compounds  which  modulate  ion  channel  activity. 
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A  Metabolic  View  of  Receptor  Activation  in  Cultured  Cells 
Following  Cryopreservation 


RICHARD  C.  KUO,  GREGORY  T.  BAXTER.  LIISA  ALAJOKI. 
DONALD  L.  MILLER,  JEFFREY  M.  LIBBY,  and  JOHN  C.  OWICKI' 

Molecular  Devices  Corp..  4700  Bohannon  Drive.  Menlo  Park,  California  94025 

The  effect  of  cryopreservation  on  agonist-induced  receptor  activation  in  mammalian  cells  was 
investigated  with  the  Cvtosensor  microphysiometer.  a  biosensor  that  monitors  cellular  metabolic 
activity  by  measunng  changes  in  extracellular  pH.  In  this  study,  two  different  cell  types— nonadhereni 
TF-1  cells  (from  a  human  erythroleukemia  patient!  and  adherent  WT3  cells  (CHO-KI  cells  transfected 
with  the  m,  muscannic  acetylcholine  receptor)— were  cryopreserved  by  freezing  in  a  disposable  cell 
capsule  used  in  the  microphysiometer.  The  recovery  of  metabolic  activity  by  TF-1  cells  was  observed 
over  -I  h  following  thawing.  Responses  of  the  TF-1  cells  to  granulocyte-macrophage  colony- 
stimulating  factor  (GM-CSF)  and  platelet  activating  factor  IPAF)  were  measured  before  cryopreser¬ 
vation  and  90  min  after  thawing.  The  GM-CSF  and  PAF  responses  retained  71  =  14%  and  73  c:  10% 
of  maximum  stimulation,  respectively.  Post-thaw  cholinergic  stimulation  of  WT3  cells  was  73  ±  9%  of 
its  level  in  similarly  treated  but  unfrozen  cells.  Cryopreservation  caused  no  detectable  difference  in 
desensitization  of  the  response  due  to  repeated  application  of  carbachol.  These  results  demonstrate  the 
feasibility  of  pharmacological  studies  with  cryopreserved  cells  in  the  microphysiometer  and  further 
suggest  that  the  microphysiometer  may  be  useful  in  exploring  the  biological  consequences  of  cryo¬ 
preservation  in  the  early  post-thaw  period,  c  iw  Academic  Free,,  inc. 


We  have  reported  a  novel  biosensor- 
based  instrument  that  measures  the  meta¬ 
bolic  activity  of  cells  in  a  flow  chamber 
noninvasively  and  in  real  time  (13.  14,  17- 
19).  Since  the  disposable  capsule  that 
houses  cells  in  the  microphysiometer  is 
well  adapted  for  cryopreservation.  we  were 
moved  to  explore  two  questions:  Could 
cryopreserved  cells  be  used  in  the  instru¬ 
ment  within  minutes  after  thawing  and 
maintain  physiological  responses  of  inter¬ 
est?  And  could  the  microphysiometer  be 
used  to  investigate  the  physiological 
changes  in  cryopreserved  cells  while  the 
normal  physiological  state  is  recovered  af¬ 
ter  thawing?  This  paper  reports  the  results 
of  a  pilot  study  of  these  questions. 

To  assess  cellular  function  following 
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freezing  and  thawing,  cryobiologists  usu¬ 
ally  examine  either  cellular  metabolic  states 
or  reproductive  capabilities  (2,  4,  7,  12,  15, 
20).  With  the  microphysiometer  it  is  possi¬ 
ble  to  study  the  metabolic  effects  of  cryo¬ 
preservation  with  a  time  resolution  and  sen¬ 
sitivity  superior  to  those  of  traditional 
methods  such  as  metabolite  assays,  enzy¬ 
matic  assays,  and  oxygen  sensors.  It  is  fur¬ 
ther  possible  to  study  the  receptor-related 
phenomena  of  stimulus  response  and  adap¬ 
tation  along  with  metabolism  in  a  single  ex¬ 
periment.  Although  one  can  measure  the 
reproductive  rate  of  mammalian  cells  in  the 
microphysiometer  on  the  time  scale  of  days 
(14),  the  instrument  is  most  efficiently  used 
to  investigate  faster  processes. 

Cellular  receptors  are  proteins,  often  in 
the  plasma  membrane,  that  transduce  inter¬ 
cellular  signals  embodied  in  the  concentra¬ 
tions  of  messenger  molecules  such  as  hor¬ 
mones.  neurotransmitters,  and  paracrine 
factors.  Binding  of  one  of  these  ligands  to 
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its  receptor  generates  a  cascade  of  bio¬ 
chemical  events  that  depends  on  the  recep¬ 
tor  and  cell  type  but  leads  to  a  change  in  the 
physiological  state  of  the  cell.  The  energy 
needs  of  the  cell  are  affected  by  the  signal 
transduction  process  itself  and  by  the  re¬ 
sulting  altered  cell  physiology  (17,  19). 
These  might  include  changes  in  energy  de¬ 
mand  (e.g.,  ion  pump  activity  or  anabolic 
synthesis)  or  energy  supply  (e.g.,  glycolytic 
activity). 

The  microphysiometer  detects  the  rate  of 
energy  metabolism  by  measuring  the  rate  at 
which  cells  acidify  their  environment  (13, 
14.  19).  This  acidification  rate  reflects  the 
rate  of  production  of  acidic  metabolites 
from  aerobic  and  anaerobic  energy  metab¬ 
olism.  principally  lactic  acid  from  glycoly¬ 
sis  and  COt  from  respiration.  Other  pro¬ 
cesses  involved  with  cellular  pH  regulation 
exclusive  of  energy  metabolism,  such  as 
the  activity  of  the  Na*/H*  antiporter  pro¬ 
tein,  can  also  be  modulated  by  receptor  ac¬ 
tivation  in  a  way  that  can  be  detected  in  the 
microphysiometer  (13,  25).  Our  previous 
work  has  shown  that  microphysiometry  de¬ 
tects  cellular  responses  resulting  from  ago¬ 
nist  stimulation  of  a  wide  variety  of  recep¬ 
tors.  including  T-cell.  kainate  glutamate, 
epidermal  growth  factor.  m|  muscarinic.  3^ 
adrenergic,  and  granulocyte-macrophage 
colonv-stimulating  factor  (GM-CSF)  (13, 
14.  16.  18.  19,  21.  25). 

To  investigate  the  effects  of  cryopreser- 
vation  on  cellular  response  to  receptor  ac¬ 
tivation.  we  chose  two  unrelated  mamma¬ 
lian  cell  lines,  the  nonadherent  TF-1  and 
adherent  WT3  cell  types.  The  TF-l  cell  line 
was  first  characterized  by  Kitamura  ef  al. 
(9).  who  established  it  from  the  bone  mar¬ 
row  of  a  human  erythroleukemia  patient. 
These  ceils  require  a  cytokine  such  as  GM- 
CSF  for  growth,  thus  providing  a  useful 
system  for  studying  the  effects  of  cytokines 
(8,9).  Using  the  microphysiometer  we  have 
obtained  evidence  that  a  Ca’"^ -independent 
isoform  of  protein  kinase  C  is  involved  in 


the  transduction  of  the  GM-CSF  signal  in 
TF-1  cells  (24).  We  have  also  found  (1)  that 
TF-1  cells  respond  to  platelet  activating 
factor  (PAF),  through  a  pathway  that  is 
Ca-" -dependent  and  separate  from  the  sig¬ 
nal  transduction  pathway  of  GM-CSF.  In 
these  cells,  both  GM-CSF  and  PAF  tran¬ 
siently  increase  acidification  rates.  This  re¬ 
sponse  to  GM-CSF  has  been  shown  to  in¬ 
volve  the  activation  of  both  the  Na'^/H'^ 
antiporter  and  glycolysis  (25).  Similar  re¬ 
sults  have  been  obtained  for  PAF  (Baxter  el 
al..  unpublished  observations). 

The  WT3  cell  line  is  a  Chinese  hamster 
ovary- K1  (CHO-Kl)  cell  line  stably  trans¬ 
fected  with  the  rat  m,  muscarinic  acetyl¬ 
choline  receptor  (3).  The  mi  receptor  is 
known  to  signal  through  phospholipase  C 
activation  and  subsequent  inositol  trisphos- 
phate  production.  Carbachol.  an  analog  of 
acetylcholine  that  activates  the  mi  recep¬ 
tor,  causes  a  rapid  and  transient  increase  in 
the  acidification  rate  of  WT3  cells  (18).  The 
mechanisms  of  the  acidification  rate  in¬ 
crease  have  not  yet  been  elucidated. 

Prolonged  or  frequently  repeated  activa¬ 
tion  of  receptors  typically  leads  to  an  adap¬ 
tive  decrease  in  cellular  response  termed 
desensitization  ( 10).  Mechanisms  of  desen¬ 
sitization  include  internalization  of  recep¬ 
tors  from  the  membrane  and  covalent  mod¬ 
ification.  typically  phosphorylation,  of  re¬ 
ceptors  to  inhibit  their  ability  to  transduce 
signals  in  the  presence  of  bound  ligands. 
Having  observed  the  effects  of  cryopreser- 
vation  on  the  activation  of  receptors  by 
GM-CSF.  PAF,  and  carbachol.  we  found 
that  the  response  of  WT3  cells  to  short¬ 
term  exposure  by  carbachol  provided  a  use¬ 
ful  system  for  examining  cellular  desensiti¬ 
zation. 

In  addition,  we  present  data  on  one  phe¬ 
nomenon  unrelated  to  receptor  activation. 
For  TF-1  cells  we  used  the  microphysiom¬ 
eter  to  monitor  the  time  course  of  the  re¬ 
covery  of  cellular  metabolic  activity  from 
cryopreservation.  These  data,  together  with 
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those  from  the  receptor  activation  studies, 
suggest  that  cryopreserved  cells  can  be 
used  in  the  microphysiometer  for  some  pur¬ 
poses  and  that  the  microphysiometer  may 
be  useful  for  cyrobiological  studies  of  early 
post-thaw  cell  physiology. 

EXPERIMENTAL  PROCEDURES 
Cell  Preparation 

WT3  ceils  (3)  were  a  gift  of  C.  Fraser 
(NIAAA)  and  are  available  from  American 
Type  Culture  Collection  (CRL  1985).  The 
cell  were  cultured  in  F12  medium  supple¬ 
mented  with  10%  horse  serum  (HS).  5%  fe¬ 
tal  bovine  serum  (FBS).  and  50  p.g/ml  ge- 
neticin  (Gibco-BRL.  Gaithersburg,  MD). 
TF-l  cells  (8. 9)  were  obtained  as  a  gift  from 
S.  Indelicato  (Schering-Plough,  Bloom¬ 
field,  NJ)  and  were  cultured  in  RPMI  1640 
medium  (Irvine  Scientific,  Irvine,  CA)  sup¬ 
plemented  with  2  mM  sodium  pyruvate, 
10%  FBS,  and  1  ng/ml  recombinant  human 
GM-CSF  (Sandoz/Schering-Plough  Corp., 


Bloomfield.  NJ).  PAF  was  obtained  from 
Boehringer-Mannheim  (Indianapolis.  IN), 
while  carbachol  was  purchased  from  Sigma 
Chemical  Co.  (St.  Louis,  MO).  As  noted 
previously  (18.  25),  we  often  observe  en¬ 
hanced  cellular  responses  if  the  cells  are 
“starved”  for  18-20  h  prior  to  use.  Cells 
were  starved  by  substituting  the  regular 
growth  medium  with  medium  lacking  the 
necessary  growth  factors  or  serum.  In  the 
case  of  TF-l  cells,  the  starvation  medium 
consisted  of  RPMI  1640  medium  supple¬ 
mented  with  2  mM  sodium  pyruvate  and 
10%  FBS  without  GM-CSF.  For  WT3  cells. 
F12  medium  with  50  p.g/ml  geneticin.  but 
without  HS  or  FBS  was  used. 

Cells  were  prepared  for  use  in  the  micro¬ 
physiometer  as  described  previously  (13. 
14,  25).  Because  microphysiometer  experi¬ 
ments  are  conducted  with  fluid  flow,  it  is 
necessary  to  immobilize  cells  within  a  cell 
capsule  (Fig.  1).  With  adherent  cells  such 
as  the  WT3  cells,  natural  physical  attach¬ 
ment  to  the  microporous  membrane  of  the 
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Fio.  1.  Schematic  diagram  of  the  Cytosensor  microphysiometer  cell  capsule  and  sensor  chamber 
arrangement.  Capsule  cups  are  first  placed  in  the  wells  of  a  12-well  tissue  culture  plate.  The  cells  are 
then  seeded  directly  on  the  capsule  membrane  or.  in  the  case  of  nonadherent  cells,  are  immobilized  on 
the  membrane  within  a  fibrin  clot.  Together  with  the  capsule  cup.  the  spacer  and  insen  form  a 
microvolume  disposable  capsule  for  the  cells.  In  the  sensor  chamber,  the  cell  capsule  is  held  directly 
above  the  region  of  the  sensor  that  is  sensitive  to  pH.  i.e..  the  region  of  the  sensor  chip  that  is 
illuminated  by  an  intensity-modulated  infrared  light-emitting  diode. 
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capsule  cup  is  employed.  Nonadherent  sus¬ 
pension  cells  (TF-1  cells  in  this  case)  are 
held  within  an  inert,  biocompatible,  low  ci¬ 
trate  buffered  fibrin  matrix  (Molecular  De¬ 
vices  Corp.,  Menlo  Park.  CA).  In  this  pro¬ 
cedure,  cells  are  trapped  within  a  SO-p-m- 
thick  gel  that  forms  when  a  solution 
containing  thrombin  and  fibrinogen  is  lay¬ 
ered  on  the  cells  in  the  capsule  cup  (25). 

For  experiments,  capsule  cups  were  first 
placed  in  i2-well  tissue  culture  plates  with  1 
ml  of  culture  medium  in  the  well  region  out¬ 
side  of  the  capsule  cup  and  300-500  p.1  of 
medium  within  the  cup  of  the  capsule  cup. 
Adherent  WT3  cells  were  seeded  at  300.000 
cells  per  capsule  cup  and  allowed  to  attach 
for  3  h  prior  to  use.  TF-1  cells  were  first 
centrifuged  through  cell  focusers  (custom 
made  plastic  funnels  used  to  focus  cells 
within  a  2-mm  central  circular  region  on  the 
capsule  cup)  at  500g  for  a  final  concentra¬ 
tion  of  200.000  cells  per  capsule  cup.  After 
centrifugation.  100  p.1  of  a  fibrinogen  and 
thrombin  clot-forming  solution  was  added 
and  allowed  to  gel  for  20  min  before  cells 
were  either  frozen  or  used  directly  in  mi- 
crophysiometer  experiments. 

Freezing  Procedure 

Culture  medium  was  aspirated  from  in¬ 
side  and  outside  of  each  capsule  cup  via 
pipeting.  Five  hundred  microliters  of  freez¬ 
ing  medium  (10%  Me^SO.  90%  FBS  (v/v), 
prefiltered)  at  4°C  was  pipeted  into  each 
capsule  cup  and  an  additional  1  ml  of  freez¬ 
ing  medium  into  the  surrounding  well.  The 
tissue  culture  plates  containing  the  capsule 
cups  were  then  placed  into  a  Cryomed 
lOlOA  (New  Baltimore.  MI)  controlled-rate 
freezer  and  frozen  at  l°C/min  from  -i-4°C  to 
-TO’C.  After  freezing,  the  tissue  culture 
plates  were  stored  in  a  mechanical  freezer 
at  -70°C  for  I  to  3  days  prior  to  experi¬ 
mental  use.  The  freezing  and  storing  condi¬ 
tions  were  not  optimized  for  cellular  viabil¬ 
ity,  in  large  part  because  we  wished  to  as¬ 
sess  the  robustness  of  the  physiological 
phenomena  we  were  investigating. 


Thawing  Procedure 

Cell  well  plates  were  moved  directly 
from  cold  storage  and  floated  in  a  37°C  wa¬ 
ter  bath.  Immediately  after  melting  (ap¬ 
proximately  10  min),  the  freezing  medium 
was  aspirated  from  inside  and  outside  the 
capsule  cup  and  replaced  with  low- 
phosphate -buffered  RPMI  1640  culture  me¬ 
dium  (Molecular  Devices  Corp.)  containing 
1  mg/ml  endotoxin-free  human  serum  albu¬ 
min  (Miles  Laboratories.  Elkhart,  IN). 
Capsule  cups  containing  WT3  cells  were 
then  centrifuged  at  500g  for  5  min.  Both 
WT3  and  TF-1  cells  were  washed  three 
limes  with  the  same  low-phosphate- 
buffered  RPMI  1640  to  ensure  that  the 
MciSO-conlaining  freezing  medium  was  re¬ 
placed.  Although  TF-1  cells  were  used  im¬ 
mediately,  it  was  necessary  to  allow  WT3 
cells  to  reattach  for  3  h  before  being  used. 
As  noted  by  Smith  (22),  adherent  cells  fro¬ 
zen  in  situ  tend  to  come  off  the  surface  to 
which  they  are  attached  as  a  sheet  if  dis¬ 
turbed  upon  thawing.  We  have  found  that 
careful  aspiration  followed  by  centrifuga¬ 
tion  and  incubation  for  at  least  2  h  increases 
the  number  of  cells  that  reattach  to  the  cap¬ 
sule  cup  membrane  after  thawing.  Cells 
used  for  experiments  reported  here  were 
thawed  within  a  week  of  freezing,  although 
cells  frozen  more  than.  3  months  showed  no 
significant  differences  in  receptor  activa¬ 
tion. 

Cell  Viability  Measurements 

The  numbers  of  viable  cells  in  thawed 
and  nonfrozen  cell  chambers  were  com¬ 
pared  by  trypan  blue  exclusion  (Gibco  Lab¬ 
oratories.  Grand  Island.  NY;  0.4%  mixed 
1 : 1  with  cells)  using  a  hemacytometer.  TF-1 
cells  were  harvested  from  cell  chambers  by 
physical  disruption  of  the  fibrin  clot,  and 
WT3  cells  were  released  by  treatment  with 
EDTA/lrypsin  (Irvine  Scientific,  Santa 
Ana.  CA).  The  conditions  under  which  cel¬ 
lular  viability  was  measured  were  identical 
to  those  described  above  except  that  cell 
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capsules  were  not  used  in  the  microphysi- 
ometer  system. 

Microphysiometry 

A  more  detailed  review  of  the  Cytosen- 
sor  microphysiometer  can  be  found  in  ref¬ 
erences  (13,  14,  19).  In  general,  cells  of  in¬ 
terest  are  concentrated  in  a  microvolume 
(approximately  2.5  ^li)  flow  chamber,  the 
bottom  surface  of  which  is  a  pH-sensitive 
LAPS  (light-addressable  poientiometric 
sensor)  silicon  chip  (6).  Protons  excreted 
by  the  cells  diffuse  through  the  micro- 
porous  membrane  of  the  capsule  cup.  bind 
to  the  surface  of  the  LAPS  chip,  and 
thereby  alter  the  surface  potential  of  the 
sensor.  Surface-potential  shifts  are  nearly 
Nernstian  with  changes  in  extracellular  pH. 

Microphysiometer  experiments  were 
conducted  with  low-phosphate-buffered 
(approximately  1  mA//pH  at  pH  7.4)  RPMI 
1640  at  a  flow  rate  of  100  ^Il/min  and  a  tem¬ 
perature  of  37®C.  Culture  medium  flowed 
continuously  through  the  microvolume 
flow  chamber  except  during  periods  in 
which  acidification  rate  measurements 
were  taken.  Periodic  halts  in  the  supply  of 
fresh  medium,  typically  15-45  s  long,  cause 
small  (<().!  pH  unit)  transient  decreases  in 
the  pH  in  the  cell  chamber.  The  acidifica¬ 
tion  rale  is  measured  as  a  slope  calculated 
from  a  least-squares  fit  of  the  pH  decrease 
during  this  lime  period.  A  valve  allows 
switching  between  two  fluid  paths,  one  that 
contains  the  effector  compound  and  one 
that  does  not. 

The  protocol  for  these  experiments  was 
flow  on  for  105  s  and  off  for  a  total  of  45  s, 
and  acidification  rates  were  measured  for 
30  s  during  the  45-s  flow-off  period.  This 
was  repeated  cyclically,  yielding  one  acidi¬ 
fication  rate  every  150  s.  Once  a  steady 
baseline  acidification  rate  was  obtained, 
sham  switches  of  the  valve  between  identi¬ 
cal  media  were  done  to  rule  out  artifacts 
due  to  valve  position. 

Absolute  acidification  rates  scale  with 
the  number  of  cells  in  the  region  of  the 


chamber  near  the  sensor.  Since  this  can 
vary  somewhat  from  chamber  to  chamber, 
we  present  acidification  rate  data  normal¬ 
ized  to  a  basal  rate  for  each  chamber.  We 
therefore  analyze  percentage  changes  in 
acidification  rate.  The  effects  of  cryopres- 
ervation  on  maximum  stimulation  under 
Results  are  computed  by  comparing  [(peak 
-  basaD/basal]  acidification  rates  for 
thawed  and  unfrozen  cells.  Statistical  sig¬ 
nificance  of  results  was  computed  using  the 
two-tailed  t  lest. 

RESULTS 

Cell  Viability  after  Cryopreservation 

The  number  of  viable  TF-1  cells  recov¬ 
ered  from  cell  chambers  after  crypreserva- 
tion  for  less  than  7  days  was  82  ±  9%  (mean 
±  SEM,  n  =  2)  of  the  recovery  of  cells  not 
subjected  to  cryopreservation.  For  WT3 
cells  the  results  was  100  ±  8%  (mean  ± 
SEM,  n  =  2),  We  did  not  attempt  to  corre¬ 
late  cell  number  with  acidification  rate.  In  a 
previous  study  using  a  different  version  of 
the  microphysiometer,  we  established  that 
acidification  rales  were  proportional  to  the 
number  of  ceils  over  the  region  of  the  sen¬ 
sor  that  detects  pH  (21).  This  determination 
is  technically  more  difficult  in  the  present 
instrument  because  the  cells  in  the  active 
region  of  the  chamber  from  which  pH  is 
sensed  represent  a  small  fraction  of  all  the 
cells  in  the  chamber. 

Recovery  of  Cellular  Metabolism 

following  Thawing 

Figure  2  shows  what  we  believe  is  the 
recovery  of  metabolic  activity  of  TF-1  cells 
from  the  effects  of  freezing.  Rapid  thawing 
and  loading  of  nonadherent  cells  on  the  mi¬ 
crophysiometer  require  approximately  20 
min.  Subsequent  acidification  rate  mea¬ 
surements  rise  dramatically  over  a  period 
of  -^40  min  until  a  steady  acidification  rate 
is  reached.  Unfrozen  cells  do  not  show  this 
large  initial  increase  in  acidification  rates 
nor  is  this  effect  due  to  incubation  in  freez- 
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Fig.  2.  Kinetics  of  recovery  of  metabolic  activity  of  TF-1  cells  after  thawing.  TF-1  ceils  were 
cryopreserved  in  microphysiometer  cell  capsules  and.  at  /  =  0.  were  removed  from  the  freezer.  At 
approximately  f  =  20  min  they  were  insened  into  the  microphysiometer.  and  acquisition  of  acidifl- 
cation  rates  was  begun.  See  Experimental  Procedures  for  more  details  on  cryopreservation  and  mi- 
crophysiometry.  The  figure  shows  the  recovery  of  stable  meubolic  activity  by  r  -  60  min.  Error  bars 
represent  SEM  for  n  =  4. 


ing  medium  alone  (data  not  shown).  For  the 
adherent  WT3  cells,  acidification  rales 
were  substantially  stable  by  the  lime  the 
cells  were  loaded  into  the  microphysiome¬ 
ter  several  hours  after  thawing. 

Activation  of  GM-CSF  and  PAF 

Receptors  in  Nonadherent  TF-1  Cells 

To  assess  the  effects  of  freezing  on  GM- 
CSF  and  PAF  responses.  TF-1  cells  were 
embedded  within  fibrin  clots,  frozen,  and 
then  thawed  as  described  under  Experi¬ 
mental  Procedures  or  else  used  fresh  for 
comparison,  .\fter  thawing,  the  clot  re¬ 
mained  intact,  as  seen  by  crystal  violet 
staining.  Controls  consisted  of  unfrozen 
(fresh)  cells.  Figure  3  compares  the  GM- 
CSF  response  of  unfrozen  and  thawed  cells 
90  min  after  the  latter  were  removed  from 
the  freezer.  Thawed  cells  retained  the  re¬ 
sponse.  although  the  maximum  stimulation 
apparently  decreased  to  71  ±  14%  of  that 
for  the  unfrozen  cells  (mean  ±  SEM.  n  = 


4).  Cryopreservation  did  not  delectably  al¬ 
ter  the  kinetics  of  the  response,  within  the 
variations  observed  among  preparations  of 
fresh  TF-1  cells.  Figure  4  shows  a  typical 
response  to  PAF  activation  with  unfrozen 
and  freeze-thawed  cells.  Again,  the  cryo- 
preservalion  did  not  delectably  alter  the  ki¬ 
netics  of  the  response  but  did  apparently 
decrease  the  maximum  stimulation  some¬ 
what.  to  73  ±  10%  of  that  of  the  unfrozen 
cells  («  =  3).  The  statistical  significance  of 
the  alterations  in  maximum  stimulation  for 
GM-CSF  and  PAF  is  fairly  weak,  about  P  < 
0. 1  for  both  cases. 

Activation  of  m,  Muscarinic  Receptors  in 

Adherent  WT3  Cells 

Typical  responses  to  100  |jlM  carbachol 
before  and  after  freezing  are  shown  in  Fig. 
5.  Cryopreservation  did  not  affect  the  ki¬ 
netics  of  the  response  appreciably,  but  it 
did  decrease  the  maximum  stimulation  to 
47  ±  5%  of  the  value  for  unfrozen  cells 


392 


KUO  ET  AL. 


1401 


130r 


'  Unfrozen 
Thawed 


«120^ 

a 

OC 

§110' 


fo 


o  ♦ 


GM-CSF 


90 


-20  -10 


10  20  30  40  SO 


Time,  min 

Fig.  3.  Companson  of  cellular  response  to  GM- 
eSF  between  unfrozen  and  thawed  TF-l  cells.  TF-I 
cells  were  treated  with  10  ng/ml  GM-CSF  for  10  min 
beginning  at  /  =  0.  and  the  acidification  rate  was  mea¬ 
sured  as  described  under  Experimental  Procedures. 
For  the  thawed  cells,  the  GM-CSF  was  added  90  min 
after  the  cells  were  removed  from  the  freezer.  This 
experiment  was  repeated  three  times,  and  representa¬ 
tive  data  are  shown. 


(mean  ±  SEM,  n  =  5).  Most  of  this  de¬ 
crease  was  not,  however,  due  to  freezing 
per  se.  As  noted  under  Cell  Preparation, 
serum  starvation  enhances  the  response 
seen  in  the  microphysiometcr.  The  freezing 
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Fig.  4.  Companson  of  cellular  response  to  PAF  be¬ 
tween  fresh  and  frozen-thawed  TF-l  cells.  TF-l  cells 
were  treated  with  5  PAF  for  5  min  beginning  at  t  - 
0,  and  the  acidification  rate  was  measured  as  described 
under  Experimental  Procedures.  For  the  thawed  cells, 
the  PAF  was  added  90  min  after  the  cells  were  re¬ 
moved  from  the  freezer.  This  experiment  was  repeated 
three  times,  and  representative  data  are  shown. 
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Fig.  5.  Comparison  of  cellular  muscarinic  response 
between  unfrozen  and  thawed  WT3  cells;  desensitiza- 
tion  of  the  response.  WT3  cells  were  exposed  to  100 
\lM  carbachol  for  2.5  min  first  at  /  =  0  and  then  again 
85  min  later  to  observe  desensitization.  Acidification 
rates  were  measured  as  described  under  Experimental 
Procedures.  Results  are  shown  not  only  for  unfrozen 
and  thawed  cells,  but  also  for  unfrozen  cells  that  were 
exposed  to  the  freezing  medium,  which  contained  se¬ 
rum,  For  the  thawed  cells,  the  carbachol  was  first 
added  several  hours  after  the  ceils  were  removed  from 
the  freezer.  These  experiments  were  repeated  four  to 
six  times,  and  representative  data  arc  shown. 


medium  contains  a  high  concentration  of 
FBS  (90%  by  volume),  to  which  the  cells 
are  exposed  for  approximately  30  min  be¬ 
fore  being  frozen.  As  a  control,  cells  were 
incubated  with  freezing  medium  ai  4°C  for 
30  min  before  being  loaded  on  the  micro- 
physiometer  and  exposed  to  100  \kM  carba¬ 
chol.  As  shown  in  Fig.  4,  incubation  in 
freezing  medium  without  freezing  causes  a 
decrease  in  maximum  stimulation  (to  64  ± 
4%,  n  =  4).  Correcting  for  the  effects  of 
freezing  medium,  the  maximum  stimulation 
of  thawed  cells  was  73  ±  9%  of  that  of  sim¬ 
ilarly  treated  but  unfrozen  cells.  All  the  re¬ 
sults  for  carbachol  are  highly  significant  (P 
<  0.005). 

Figure  4  also  illustrates  desensitization 
from  carbachol  stimulus.  Exposure  to  100 
\x,M  carbachol  for  2.5  min,  a  concentration 
known  to  cause  maximum  acidification  re¬ 
sponse.  causes  a  sharp  increase  in  the  acid¬ 
ification  rate  that  gradually  returns  to  its 
basal  level  over  tens  of  minutes.  After  85 
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min.  the  cells  are  once  again  exposed  to  100 
carbachol  for  2.5  min.  The  second  re¬ 
sponse  is  similar  for  all  three  cell  treat¬ 
ments:  a  decrease  in  peak  receptor  activa¬ 
tion  (approximately  10-20%)  as  measured 
from  initial  basal  acidification  rate  prior  to 
exposure  to  carbachol.  These  results  would 
indicate  that  the  cellular  processes  involved 
in  receptor  activation,  signal  transduction, 
and  adaptation  remain  substantially  intact 
after  freezing  and  thawing  of  these  cells. 

DISCUSSION 

The  novel  method  by  which  the  micro- 
physiometer  detects  changes  in  cellular 
physiology  provides  researchers  with  an  in¬ 
strument  with  which  to  monitor  the  diverse 
processes  involved  in  receptor  activation. 
We  have  been  able  to  show  that  cryopres- 
ervation  of  TF- 1  and  WT3  cells  does  not 
greatly  alter  the  metabolic  consequences  of 
the  activation  of  three  receptors  in  terms  of 
the  amplitude  (although  decreased  25- 
30%),  the  kinetics,  and  the  adaptation  of 
the  response.  This  indicates  that,  at  least  in 
these  cases,  cellular  signal  transduction  el¬ 
ements  and  receptor-activated  processes 
are  substantially  recovered  within  90  min 
after  thawing. 

There  have  been,  to  our  knowledge,  few 
explicit  studies  of  receptor  function  within 
a  few  hours  of  thawing.  However,  receptor 
function  is  implicit  in  the  well-established 
ability  of  some  cellular  systems  to  function 
soon  after  thawing.  For  example,  it  is  rou¬ 
tine  to  cryopreserve  patients’  lymphocytes 
prior  to  clinical  testing  for  immune  function 
that  typically  depends  on  receptor  activity 
(5).  Such  tests  are  usually  on  the  time  scale 
of  24— 48  h.  Although  not  analyzing  receptor 
function.  Wood  et  al.  (26)  found  that  cryo- 
preservation  did  not  change  the  amount  of 
cell-surface  antigens  in  mouse  embryos,  as 
measured  by  fluorescence  intensity;  some¬ 
times  the  treatment  did  alter  the  distribu¬ 
tion  of  the  antigens  within  the  cell  mem¬ 
brane.  Takahashi  et  al.  (23)  showed  that 
some  loss  of  cell  surface  glycoproteins  oc¬ 
curs  with  freezing  and  thawing  of  platelets. 


In  addition.  Takahashi  et  al.  (24)  found  that 
cryopreservation  of  polymorphonuclear 
leukocytes  greatly  affected  their  surface  re¬ 
ceptor  activity,  but  monocytes  were  largely 
unaffected  by  the  same  conditions. 

The  kinetics  of  recovery  of  metabolic  ac¬ 
tivity  following  thawing  of  cells  was  also 
detected  with  the  microphysiometer.  This 
was  done  within  20  min  of  the  removal  of 
nonadherent  TF-1  from  cold  storage;  the 
longer  post-thaw  protocol  for  reattachment 
of  adherent  WT3  cells  did  not  permit  such  a 
measurement.  Refinements  of  the  cryo¬ 
preservation  procedure,  for  example  by 
freezing  the  cells  in  a  minimal  volume  of 
liquid,  may  make  it  possible  to  observe  the 
metabolic  recovery  within  a  few  minutes  of 
removal  from  storage.  Further  studies  are 
required  to  investigate  the  mechanisms  of 
the  metabolic  rate  recovery. 

Direct  use  of  frozen  cells  offers  many  ad¬ 
vantages  over  traditional  methods  requiring 
extensive  post-thaw  culturing  as  long  as  the 
physiological  processes  of  interest  are  sub¬ 
stantially  functional  after  thawing.  Frozen 
cells  can  be  stored  and  used  whenever  nec¬ 
essary  or  convenient.  Synchronized  cell 
cultures  can  also  be  frozen  at  specific 
stages  of  differentiation  or  proliferation  ei¬ 
ther  to  study  development  or  to  improve 
day  to  day  reproducibility.  The  early  events 
involved  in  thawing  can  be  investigated 
pharmacologically  using  appropriate  com¬ 
pounds  known  to  affect  certain  stages  in  the 
freeze-thaw  process. 

Work  in  progress  has  shown  that  not  only 
cultured  cells,  but  also  small  tissue  slices, 
can  be  studied  with  the  microphysiometer. 
In  the  future  it  may  be  possible  directly  to 
examine  freeze— thaw  effects  on  the  repro¬ 
ductive  capability  of  eggs,  sperm,  or  em¬ 
bryos.  Studies  are  in  progress  further  to  ex¬ 
plore  new  physiological  systems  that  can  be 
investigated  with  the  microphysiometer. 
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The  gene  encoding  Mj,  the  ion  channel-fonning  protein  of  influenza  virus  A,  was  express^  under  the  control 
of  an  inducible  promoter  in  Saccharomyces  cerevisiae.  By  using  single  and  mnlticopy  plasmds  cont^n^AL 
promoter-M,  fusions,  a  correlation  was  observed  between  plasmid  copy  number  and  growth  in  medium 
inducing  M,  expression.  Cells  expressing  from  multicopy  plasmids  have  redneedj^wth  ratM,  s^esting 
that  high  levels  of  M,  are  toxic  to  growth.  The  addition  of  amantadine,  a  compound  known  to  block  the  ion 
channel  activity  of  certain  M,  alleles,  restores  the  growth  rates  to  wild-type  levels  in  cells  exposing  an 
amantadine-susceptible  allele  of  Mj  but  not  an  amantadine-resistant  allele  of  M,,  suggesting  that  Mj  ei^r^- 
sion  in  5.  cerevisiae  results  in  the  formation  of  functional  M2  ion  channels.  Measurements  of  extracellular 
acidification  by  microphysiometiy  suggest  that  proton  efflux  in  M2-€xpressing  cells  is  altered  and  that  the 
addition  of  amantadine  permits  the  reestablishment  of  the  proton  gradient  The  growth  impairment  phenotype 
resulting  from  Mj  expression  was  used  to  develop  a  high^apacity  screening  assay  which  identified  a  novel 
inhibitor  possessing  an  antiviral  profile  similar  to  that  of  amantadine. 


Functional  expression  of  ion  channels  in  heterologous  cell 
types  provides  a  general  method  for  studying  the  properties  of 
channel  function.  Expression  in  Xenepus  laevis  oo^es  has 
provided  numerous  insights  into  ion  channel  function  (17, 18, 
35).  More  recently,  expression  of  ion  channels  in  Saccharomy¬ 
ces  cerevisiae  strains  defective  in  K"*”  uptake  has  served  as  a 
means  for  isolating  new  genes  encoding  functional  channels  (1, 
29).  However,  expression  of  ion  channels  in  yeast  cells  is  not 
restricted  to  the  restoration  of  uptake  functions  and  may  result 
in  a  variety  of  phenotypes,  depending  on  the  properties  of  a 
particular  channel. 

The  Mj  protein  of  influenza  virus  A  is  one  of  three  integral 
membrane  proteins  contained  in  the  viral  lipid  envelope.  The 
M2  protein  is  a  97-amino-acid  polypeptide  containing  a  single 
membrane -spanning  region.  M2  polypeptides  assoaate  as  dis¬ 
ulfide-linked  homotetramers  to  form  ion  channels  (15,  34). 
Direct  evidence  defining  the  ion  channel  function  of  M2  has 
recently  been  obtained  by  expression  studies  in  Xenopus  oo¬ 
cytes  (26,  38)  and  in  in  vitro  studies  (6, 28,  36).  A  therapeutic 
agent  for  influenza  virus  A  infections,  amantadine,  has  been 
shown  to  function  by  blocking  M2  ion  channel  activity  (7,  12, 
13, 26, 32, 33, 37, 38).  Other  biophysical  studies  have  conned 
that  the  transmembrane  portion  of  the  molecule  is  the  binding 
site  and  suggest  that  the  mechanism  of  action  is  binding  of  the 
compound  within  the  channel  pore  (6, 7, 27).  Inhibition  studies 
with  amantadine  suggest  that  M2  is  required  at  both  early  and 
late  stages  in  the  infection  cycle  of  the  virus.  Early  in  infection, 
M2  permits  the  flow  of  protons  from  the  endosome  into  the 
virion.  The  resultant  decrease  in  pH  facilitates  the  dissociation 
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of  the  matrix  protein  (Mj)  from  viral  genomic  ribonucleopro- 
teins  (12, 14, 20, 26)  and  thereby  stimulates  viral  uncoating.  In 
the  presence  of  amantadine,  Mj  is  unable  to  dissociate  from 
the  viral  ribonucleoproteins  and  transport  of  the  ribonucleo- 
protein  complex  to  the  nucleus  docs  not  occur.  At  later  stages 
of  infection,  M2  polypeptides  arc  abundantly  expressed  on  the 
cell  surface  and  within  the  cell  in  the  endoplasmic  reticulum 
and  Golgi  compartments.  It  is  believed  that  Mj  functions  at 
late  stages  of  infection  to  maintain  a  high  pH  in  these  vesicular 
compartments,  thereby  preventing  the  premature  activation  of 
intracellularly  cleavable  hemagglutinin  through  a  low-pH  con¬ 
formational  change  (5,  8,  9,  33). 

We  observed  that  high  Icvek  of  M2  expression  in  yeast  cells 
results  in  growth  impairment,  similar  to  that  reported  for  other 
expression  systems  (2,  10).  Several  lines  of  evidence  suggest 
that  the  growth  impairment  in  yeast  cells  results  from  the  ion 
channel  activity  of  Mj.  S.  cerevisiae  strains  with  this  phenotype 
allowed  for  the  development  of  a  high-capacity  assay  which 
identified  a  novel  inhibitor  of  M2  function  with  anti-influenza 
virus  activity  similar  to  that  of  amantadine. 

MATERIALS  AND  METHODS 

Strains.  S.  cerevisiae  W303  {MAU  adel-l  canMOO  hdsS-UJS  Ieu2-3J12  trpl-1 
uraS-l)  was  used  as  the  recipient  for  transformations.  The  following  S.  cerevisiae 
strains  were  used  in  the  study:  SGY1442  contains  the  parent  vector  pYES2; 
SGY1443  contains  the  A/WSN/33  M2  gene  downstream  of  the  G/tL  promoter  in 
pYES2;  SGY1444  contains  the  WSN  gene  with  an  asparagine-to-scrine  mutation 
at  position  31  downstream  of  the  CAL  promoter  in  pYES2;  SGY1492  contains 
the  WSN  M2  gene  downstream  of  the  GAL  promoter  in  the  pYEUra3  vector, 
SGY1493  contains  the  Udorn  M2  gene  downstream  of  the  CAL  promoter  in 
pYESl 

Yeast  maaipulatioas.  Standard  yeast  medium  (yeast  extract-peptone-dextrose 
[YEPD]  and  supplemented  minima]  medium)  were  used  for  cell  growth  (31). 
Cells  were  made  competent  for  transformation  by  using  the  lithium  acetate 
protocol  of  Ito  ct  al.  (16).  Unless  otherwise  noted,  transformants  were  main¬ 
tained  on  scleaivc  medium  containing  2%  glucose  (noninducing  conditions)  and 
were  induced  to  express  protein  through  replacement  with  minima!  medium 
containing  2%  galactose.  Protein  extracts  were  prepared  as  described  previously 
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(3).  Proteins  were  detected  by  reiction  with  antisera  to  M2  (gift  of  P*  Rota)  and 
a  secondary  antibody  conjugated  to  alkaline  phosphatase. 

CooitnictioD  of  exprestloo  plasmids.  The  A/WN/33  and  A/Udom/72  M2 
genes  were  modified  through  PCR-directed  mutagenesis  of  cDNA  by  standard 
procedures.  The  AAJdon\/72  cDNA  clone  of  the  M2  protein  was  a  kind  gift  of  R. 
Lamb  (Northwestern  University).  The  genes  were  doned  into  the  5amHI-AhaI 
window  of  pYEUra3  (C£Af;  Qontcch,  Palo  Alto,  Calif.)  or  pYES2  (2pj^  In- 
vitfogen,  San  Diego,  Calif.).  Conversion  of  asparagine  residue  31  to  serine  in  the 
WSN  (N31S)  mutant  was  also  accomplished  by  PCR-directed  mutagenesis.  All 
gene  sequences  were  verified  by  DNA  sequencing. 

Assay  for  detecting  M2  Inhibitor*.  Qiltuies  of  strains  containing  M2  expression 
plasmids  were  grown  ovemi^t  In  minimal  medium  containing  2%  glucose  a^ 
were  then  shifted  to  inducing  medium  (2%  galactose)  at  a  concentration  of  1(P 
cells  per  ml  and  were  maintained  at  30*C  with  vigorous  aeration.  To  identify 
compounds  inhibiting  M2  function,  cells  were  distributed  into  96-well  mkxo titer 
plates  in  the  presence  of  compounds  drawn  from  the  Bristol-Myers  ^uibb 
compound  collection.  Compounds  were  judged  to  test  positive  in  the  a^y  if  they 
allowed  for  the  restoration  of  cell  growth.  Compounds  testing  positive  were 
verified  by  examining  M2  protein  levels  by  Western  blot  (immunoblot)  analysis  in 
order  to  eliminate  compounds  whidi  affect  the  expression  of  M2.  When  required, 
amantadine-HQ  (Sigma  Chemical  Co,  St  Louis,  Mo.)  was  prepared  fresh  and 
was  added  to  the  cultures  at  the  time  of  induction  at  the  indicated  oonoentra- 
tions.  Optical  density  was  determined  at  intervals  by  measuring  the 

Micropbyslometer  analysis.  The  extracellular  acidification  rates  of  the  yeast 
strains  containing  various  M2  expression  plasmids  were  measured  with  a  Qrto- 
sensor  microphysiometer  (Molec^ar  Devices  Corp,  Sunnyvale,  Calif.)  in  which 
cells  are  immobilized  in  a  microvolume  flow  chamber  in  contact  with  a  pH- 
sensitive  silicon  sensor  (11. 22).  Approximately  4  X  10^  yeast  cells  were  immo¬ 
bilized  in  Agarose  Cell  Entrapment  Medium  (Molecular  Devices  Corp.)  ^tween 
two  microporous  membranes.  Flow  chambers  at  3(rC  containing  the  immobi¬ 
lized  cells  were  superfused  at  a  rate  of  100  pJ/mio  with  minimal  medium  con¬ 
taining  2%  gaJaaose  or  2%  glucose  plus  appropriate  nutritional  supplcm«ts. 
Acidification  rates  were  measured  every  80  s  by  interrupting  the  flow  medium 
for  10  s.  Amanudine  at  100  \iM  was  introduced  20  s  prior  to  a  flow-off  period. 
Cells  were  exposed  to  amantadine  for  a  total  of  8  min.  Acidification  rat«  arc 
expressed  as  a  percentage  of  the  basal  rates  before  exposure  to  amantadine. 

In  vivo  assays.  The  antiviral  activities  of  the  compounds  in  vivo  were  assessed 
in  a  plaque  reduction  assay.  Approzixnately  100  PFU  of  A/WSN/33  <»  A/Udom/ 
72  virus  was  added  to  MDCK  cells  in  35-mm^  dishes,  and  the  dishes  were 
incubated  at  37*C  for  1  h.  The  medium  was  removed  and  the  cells  were  covered 
with  2  ml  of  agar  overlay  medium  containing  various  amounts  of  either  aman- 
tadine-HQ  or  BL-1743  in  the  presence  of  5  M.g  of  trypsin  per  mL  After  2  to  3  days 
of  incubation,  the  mon^ayer  cells  were  stained  with  0.1%  crystal  violet  solution, 
and  the  numben  and  sizes  of  the  plaques  were  assessed. 

RESULTS 

Expression  of  M2  in  S.  eerevisiae.  Expression  plasmids  en¬ 
coding  sequences  of  the  M2  protein  of  influenza  virus  under 
the  transcriptional  control  of  an  inducible  yeast  promoter 
(GALl)  were  introduced  into  5.  cerevisiae  W303.  M2  expres¬ 
sion  was  assessed  in  strains  containing  cither  a  single  copy 
(centromere)  or  a  high  copy  (2pLm  ORI)  number  and  contTMf^ 
ing  njT  fusion  plasmid^  after  incubation  in  noninducing 
(glucose)  or  inducing  (galactose)  medium.  As  shown  in  Fig.  1, 
expression  of  M2  in  5.  cerevisiae  was  detectable  only  in  extracts 
of  cells  induced  with  galactose  (Fig.  1,  lanes  5  and  7).  Synthesis 
of  M2  protein  to  levels  comparable  to  those  in  virus-infected 
MDCK  cells  was  detected  in  the  suain  containing  the  high- 
copy-number  (pYES2-derived)  plasmids  (Fig.  1,  compare 
lanes  7  and  8).  Lx»w  levels  of  M2  protein  were  detected  in  the 
strain  transformed  with  the  single-copy  (pYEUra3-derived) 
vector. 

M2  expression  impairs  the  growth  of  yeast  cells.  In  the 
course  of  culturing  the  various  transformants,  it  was  observed 
that  the  growth  rate  of  the  transformant  expressing  the  M2 
gene  from  a  high-copy- number  plasmid  was  significantly  im¬ 
paired  relative  to  those  of  the  other  strains.  Studies  had  pre- 
r  viously  shown  M2'related  toxicity  in  bacteria  and  baculovirus- 
\  infected  Sf9  cells  (2,  10).  Consequently,  growth  rates  were 
analyzed  by  shifting  equal  numbers  of  log-phase  cells  previ¬ 
ously  grown  in  noninducing  glucose-containing  medium  into 
medium  containing  galactose.  Growth  determinations  indi¬ 
cated  a  correlation  between  the  levels  of  M2  expression  and 
growth  impairment  (Fig.  2),  Determination  of  the  doubling 
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FIG.  1.  M2  is  expressed  it  high  levels  in  yeast  cells,  as  shown  by  a  Western 
blot  indicating  the  levels  of  M2  protein  pt^uced  in  yeast  cells.  Equivalent 
amounts  of  protein  (lOO  p^)  from  each  strain  were  separated  on  sodium 

dodecyi  fulfate-12.5%  polyacrylamide  gels.  The  strains  oonuined  cither  the 
parental  vector  (SGY1442;  designated  vector),  a  single-copy  centromere-con¬ 
taining  plasmid  expressing  M2  [SGY1492;  designated  Mj  (C£^],  or  a  high-copy- 
number  2p.m  origin-containing  plasmid  expressing  M2  [SGY1443;  designated  M2 
(2p,)].  Galactose-induced  samples  were  loaded  in  lanes  3, 5,  and  7,  wfaOe  unin¬ 
duced  samples  were  loaded  in  lanes  2, 4,  and  6.  Extracts  prepared  from  influenza 
virus-infected  and  mock-infected  MDCK  cells  are  included  as  controls  in  lanes  8 
and  9,  respectively.  The  migrations  of  molecular  weight  standards  (lane  1)  are 
indicated. 


times  indicated  that  the  strain  expressing  Mj  from  the  high- 
copy-number  plasmid  divides  significantly  more  slowdy  than 
control  strains  (7.6  versus  4.0  h).  This  effect  is  observed  only 
when  the  strain  is  grown  on  galactose  (Mj-inducing  condi- 
tions),  because  no  growth  differential  is  observed  in  medium 
containing  glucose  (noninducing  conditions).  However,  in 


FIG.  2.  Growth  impairment  of  celts  expressing  M2.  Growth  of  cells  express¬ 
ing  M2  varies  with  plasmid  copy  number.  Cultures  of  strains  containing  vector 
(SGY  1442).  single-copy  Mj  ^asmid  (SGY  1492)  or  high-oopy-number  Mj 
plasmid  (SGY  1443)  were  grown  in  inducing  medium  at  30"C  with  vigorous 
aeration.  Samples  were  removed  at  various  intervals,  and  the  optical  density 
(O.D.)  at  600  am  was  detennined.  The  A«oo  ^  plotted  versus  time  (in  hours). 
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FIG.  3.  Amanudine  rescues  the  growth  of  cells  expressing  the  Udom  M2 
protein.  Duplicate  cultures  of  strain  ^Y1443  containing  the  amantadine>resis> 
tant  M2  plasmid  (WSN;  O,  •)  or  strain  SGY1493  containing  the  amantadine- 
susceptible  M2  plasmid  (Udom;  □,  ■)  were  grown  in  inducing  medium  at  3(rC 
with  (O,  G)  or  without  (•,  ■)  amantadine.  Samples  were  removed  at  various 
intervals,  and  the  optical  density  (OD)  at  600  nm  was  determined.  The  A^oo  ^ 
plotted  versus  time  (in  hours).  The  amantadine  concentration  was  100 


strains  containing  single-copy  expression  plasmids,  no  signifi¬ 
cant  growth  impairment  was  observed  even  after  M2  induction. 

Toxicity  is  due  to  ion  channel  activity  of  M2*  One  explana¬ 
tion  to  account  for  the  impaired  growth  rate  after  M2  induction 
is  that  the  ion  channel  activity  of  the  M2  protein  produced  the 
observed  toxicity.  The  approximate  pH  of  the  growth  medium 
for  the  yeast  cells  is  6.0,  which  would  be  sufficient  to  activate 
the  M2  ion  channel  (26).  To  examine  whether  the  ion  channel 
activity  is  responsible  for  the  toxicity,  strains  were  induced  for 
M2  expression  in  the  presence  of  amantadine,  a  known  blocker 
of  M2  channel  function  (12,  13,  26,  33,  37).  Because  the  Mj 
gene  used  in  this  initial  study  was  obtained  from  A/WSN/33 
virus,  which  has  the  characteristic  of  amantadine  resistance,  a 
strain  containing  an  amantadine-susceptible  allele  was  con¬ 
structed.  The  gene  encoding  the  M2  protein  from  an  amanta- 
dine-suscepdble  strain,  A/Udomy72  virus  (26, 37),  was  cloned 
into  the  pYES2  expression  vector,  and  yeast  cells  were  trans¬ 
formed  with  this  construct  The  induction  of  the  M2  protein  of 
A/Udom/72  virus  results  in  a  reduction  of  the  growth  rate  (Fig. 
3).  The  extent  of  growth  impairment  is  significant  although 
not  as  great  as  that  seen  with  expression  of  the  WSN  M2 
protein  (Fig.  3).  However,  the  gro\^  rates  of  these  transfor¬ 
mants  are  substantially  rescued  when  100  p.M  amantadine  is 
added  to  the  culture  medium  at  the  time  of  induction  (Fig.  3). 
In  contrast,  the  growth  of  transformants  expressing  the  aman¬ 
tadine-resistant  WSN  allele  is  not  remediated  with  the  addition 
of  amantadine  at  100  ^lM  (Fig.  3).  This  result  suggests  that  the 
toxicity  related  to  M2  expression  correlates  with  an  amanta¬ 
dine-responsive  activity,  i.c.,  ion  channel  activity. 

Conversion  of  the  WSN  M2  protein  to  amantadine  suscep¬ 
tibility.  The  predominant  mutations  which  result  in  amanta¬ 
dine  resistance  map  to  one  of  four  amino  acids  within  the 
membrane-spanning  region  of  the  molecule  (13).  Examination 
of  the  WSN  M2  protein  sequence  suggests  that  resistance  in 
this  particular  molecule  is  conferred  by  an  asparagine  residue 
present  at  amino  acid  31.  Therefore,  residue  31  was  converted 


FIG.  4.  Conversion  of  the  amantadine-resistant  M2  (WSN)  to  amanudine 
(Am)  susceptibility  as  determined  by  measuring  the  gnwth  of  strains  expressing 
an  allele  of  M2  converted  from  amantadine  resistance  (WSN)  to  amantadine 
susceptibility.  Cultures  of  a  control  vector-containing  strain  (SGY 1442,  ▲);  SOY 
1443,  the  strain  containing  an  amantadine-resistant  M2  plas^  (WSN);  or  strain 
SGY  1444,  the  strain  containing  the  amanUdine-susceptible  M2  [WSN  (N31S)] 
plasmid,  were  grown  in  inducing  medium  at  3(rC  with  vigorous  aeration  with  10 
M.M  amantadine  or  without  added  drug.  Samples  were  removed  at  various  in¬ 
tervals,  and  the  optical  density  (OD.)  at  600  nm  was  determined.  The  Atoo  is 
plotted  venus  time  (in  hours). 


from  asparagine  to  serine.  Both  WSN  alleles  are  toxic  when 
they  are  overexpressed  in  yeast  cells;  however,  only  the  toxicity 
of  the  WSN  (N31S)  allele  is  remediated  by  the  addition  of 
amantadine  (either  10  or  100  pM)  to  the  growth  medium  (Fig. 
4).  In  the  presence  of  amantadine,  transformants  expressing 
the  WSN  (N31S)  allele  grow  at  near  wild-type  rates,  whereas 
growth  of  the  transformants  expressing  the  amantadine-resis¬ 
tant  WSN  allele  is  not  remediated  with  amantadine  (Fig.  4). 
This  experiment  provides  additional  genetic  evidence  that 
overproduction  of  Mj  results  in  growth  impairment  and  is  a 
consequence  of  M2  channel  function.  It  also  proves  that  this 
residue  in  the  wild-type  protein,  as  predicted,  is  responsible  for 
resistance  to  amantadine. 

Proton  flux  is  altered  by  expression  of  M2*  In  yeast  cells,  the 
plasma  membrane  H'^-ATPase  establishes  an  electrochemical 
gradient  by  pumping  protons  out  of  the  cell,  which  maintains 
ion  balances  and  ^cilitates  the  uptake  of  other  ions  (30). 
Perturbations  to  this  gradient  permit  leakage  of  essential  ions 
and  can  result  in  cell  death.  We  reasoned  that  M2  may  exert  its 
toxic  effect  on  yeast  cells  by  disrupting  the  electrochemical 
proton  gradient.  To  examine  whether  M2  expression  correlates 
with  changes  in  proton  flux,  we  used  microphysiometry  (22)  to 
measure  the  rates  of  extracellular  acidification  of  cells  express¬ 
ing  this  ton  channel  before  and  after  exposure  to  the  M2  chan- 
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FIG.  5.  Proton  flux  in  strains  expressing  M2  protein  is  reduced  (A)  Aman- 
idine  causes  a  transient  increase  in  extracellular  ^odificatioa  m  alU 
xpressing  an  amantadine-susceptible  dtanneL  Control  ye^t  cells  (SGY1^2; 
I)  cells  expressing  the  amantadine-resistant  WSN  M2  protein  (SGY1443;  A),  or 
CMt  cells  expressing  the  amantadine-susceptible  WSN  (N31S)  protein 
SGY1444;  •)  were  grown  overnight  in  medium  containing  galaaose  and  were 
uperfused  with  medium  containing  2%  galactose.  After  stable  basal  addificatm 
ates  were  obtained  the  cells  were  exposed  to  the  same  medium  antainmg  100 
lM  amantadine  for  8  min  (indicat^  by  the  bar).  Normaln^cxtracellular 
iddiflcation  rates  are  plotted  versus  time  (in  minutes).  Open  <^es  ^pre^ 
>GY1444  cells  grown  and  superfused  in  noninduong  ^ucose  medium.  (B)  Effect 
>f  amanudine  on  proton  flux  varies  with  external  pH.  Equal  numbers  of  galac- 
ose-induced  SGY1444  cells  were  loaded  in  three  separate  flow  ch^bOT  and 
vere  superfused  with  minimal  medium  coniaining  galaaose  at  pH  5.5  (•).  pH 
5.5  (A),  and  pH  7.5  (■).  After  subOizatioo  of  the  acidification  rates,  cell  wie 
aeposed  to  100  nM  amanudinc  for  an  8-min  period  (indicated  by  the  bar). 
Experiments  were  repeated  at  least  twice,  and  representative  data  arc  shown. 


nel  blocker  amantadine  (Fig.  5 A  and  B).  The  microphysiom- 
eter  measures  the  rates  of  extracellular  acidification  of  cells  m 
a  flow  chamber  by  using  a  semiconductor-based  sen^r  (11). 
These  rates  are  sensitive  to  changes  in  metabolic  activity  (ex¬ 
cretion  of  acidic  metabolites)  and  to  transmembrane  proton 
flux  associated  with  intracellular  pH  homeostasis  (25).  This 
technique  has  previously  been  used  with  mammali^  cells  to 
monitor  cholinergic-stimulated  changes  in  Na'^/K'*' 
activity  (23)  as  well  as  activation  of  the  nicotinic  acetylcholine 
receptor  (24).  If  the  ion  channel  function  of  Mj  is  acting  to 
destabilize  the  gradient,  then  this  should  be  reflected  by 
changes  in  extracellular  acidification. 

The  extracellular  acidification  rates  of  control  strains 
SGY1442  (containing  the  vector  only)  and  SGY1443  (express- 
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inhibitor  of  M2  protein  function. 


ing  the  amantodine-resistant  WSN  protein)  are  unaffected  by 
the  addition  of  100  (iM  amantadine  (Fig.  5A).  However,  ex¬ 
posure  of  strain  SGY1444  (expressing  the  amantadine-sus¬ 
ceptible  Ml  protein)  to  100  (iM  amantadine  results  in  an 
immediate  50  to  60%  increase  in  the  rate  of  extracellular 
acidification,  which  is  detected  within  20  s  of  exposure  to  the 
drug  (Fig.  5A).  This  inaease  in  proton  flux  is  transient  and 
begins  to  return  to  basal  levels  even  while  the  drug  is  still 
present  In  contrast,  strain  SGY1444  maintained  under  condi¬ 
tions  in  which  the  Mi  gene  is  not  e^ressed  exhibits  no  effect 
on  proton  flux  upon  exposure  to  amantadine,  indicating  that 
the  transient  increase  in  acidification  rates  observed  for 
SGY1444  grown  under  inducing  conditions  is  a  result  of  aman¬ 
tadine  blockage  of  Mi  ion  channel  activity. 

Previous  studies  of  the  Mi  ion  channel  e^qiressed  in  laevis 

oocytes  (26)  or  CV-1  cells  (38)  or  reconstituted  In  a  lipid 
bilayer  (36)  demonstrated  that  the  activity  is  modulated  by  the 
external  pH,  with  the  channel  being  activated  at  low  pH.  We 
determined  the  effect  of  external  pH  on  the  activity  of  the  M 
ion  channel  expressed  in  yeast  cells  by  superfusing  flow  cha 
bers  rnntaining  SGY1444  with  minimal  medium  containing 
2%  galactose  at  pHs  of  5  J,  6.5,  and  7i  and  then  measurmg  the 
extracellular  acidification  rates  before  and  after  exposing  the 
cells  to  100  |iM  amantadine  (Fig.  5B).  At  a  pH  of  5.5,  the 
typical  increase  in  the  acidification  rate  of  50%  was  observed 
upon  exposure  to  amantadine.  However,  at  an  external  pH  of 
6.5,  the  observed  increase  in  the  acidification  rate  was  less  than 
10%,  and  at  pH  7.5,  no  change  in  the  acidification  rate  was 
detected  (Fig.  5B).  This  result  is  consistent  with  earlier  obser¬ 
vations  that  the  M2  ion  chaimel  is  activated  at  a  pH  of  5  to  6 

(26).  ^ 
Identification  of  BL-1743,  an  inhibitor  of  Mj  fiinctioiL  The 
observation  of  M2  expression  in  yeast  cells  was  adapted  into  a 
screen  format  to  identify  compounds  that  inhibit  the  function 
of  M2.  One  compound  identified  in  tim  assay  is  BL-1743  (Fig. 
6)  a  spirene-containing  lipophilic  amine.  This  compound  was 
able  to  rescue  the  growth  of  WSN  (N31S)  M2*expressing  yeast 
cells  with  a  50%  effective  dose  (ED50)  of  approximately  250 
nM.  Amantadine  has  an  ED50  of  125  nM  in  this  assay  (data  not 
shown).  Interestingly,  BL-1743  does  not  rescue  the  growth 
impairment  of  the  wild-Q^  WSN  M2  aUeles  expressed  inyeast 
cells  (data  not  showm),  indicating  that  it  may  function  in  a 
manner  similar  to  that  of  amantadine.  BL-1743  also  does  not 
rescue  growth  by  simply  reducing  M2  expression  in  yeast  cells; 
the  levels  of  Mj  protein  in  cultures  exposed  to  BL-1743  are 
comparable  to  those  in  amantadine-treated  cultures  (data  not 
shown). 

In  vivo  activity  of  BL-1743.  BL-1743  was  next  ei^med  as 
an  inhibitor  of  influenza  virus  replication  in  an  in  vivo  plaque 
reduction  assay  (Fig.  7).  Amantadine  was  able  to  inhibit  plac 
formation  in  A/Udorn/72-infectcd  cells  with  an  EDjo  of  a, 
proximatcly  260  nM,  although  it  had  no  effect  on  plaque  for¬ 
mation  in  WSN-infected  cells.  More  importantly,  BL-1743  was 
also  able  to  inhibit  plaque  formation  in  A/Udomy72  virus- 
infected  cells,  with  an  ED50  of  approximately  2  |iM.  BL-1743, 
as  expected  from  the  yeast  rescue  experiments,  had  no  effect 
on  A/WSN/33  plaque  formation. 
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FIG.  7.  Influenza  virus  A  infection  is  blocked  by  BL-1743  in  a  plaque  assay. 
A  total  of  50  to  100  PFU  of  A/Udom/72  (A)  or  A/WSN/33  (WSN)  (B)  viruses 
were  used  in  a  plaque  assay  in  the  presence  of  increasing  concentrations  of  either 
amantadine  or  BI^1743.  For  the  A/Udom/72  virus,  the  BL'1743  drug  ooncen- 
tratioos  used  were  0,  0.4,  0.8.  L6,  and  10  (ig/ml.  while  the  amantadine  concen¬ 
trations  were  0.04,  0.08,  0.16,  and  1  p^ml.  For  the  AJWSSJ33  virus,  both  the 
BL-1743  and  amantadine  coocentrations  used  were  1,  10,  and  50  ^g/ml. 


DISCUSSION 

Phenotypically,  yeast  cells  expressing  high  levels  of  Mj  pro¬ 
tein  exhibited  a  consistently  slower  growth  rate  compared  with 
that  of  control  cells.  The  observation  of  growth  impairment 
with  M2  expression  is  consistent  with  previous  studies  concern¬ 
ing  M2  expression  in  baculovirus-infected  insect  cells  (2)  and, 
more  recently,  in  bacteria  (10).  In  Sf9  cells,  high  levels  of  M2 
were  produced  only  upon  the  addition  of  amantadine  to  the 
growth  medium.  One  interpretation  of  this  phenomenon  is 
that  the  ion  channel  activity  of  M2  is  toxic  to  insect  cells  and 
that  high-level  expression  can  only  be  reached  if  this  activity  is 
blocked,  perhaps  because  the  cells  remain  viable  and  produce 
more  protein.  In  our  yeast  system,  several  lines  of  evidence 
also  suggest  that  toxicity  is  due  to  ion  chaimel  activity.  Our 
most  compelling  data  supporting  this  interpretation  are  from 
the  comparison  between  amantadine-susceptible  and  amanta¬ 
dine-resistant  alleles  of  M2.  Amantadine,  a  known  inhibitor  of 
ion  channel  activity,  was  able  to  rescue  the  growth  of  an  aman¬ 
tadine-susceptible  protein  (the  M2  protein  from  A/Udorn/72 
virus),  but  not  that  of  an  amantadine-resistant  protein  (A/ 
WSN/33).  In  addition,  when  amino  acid  31  of  the  WSN  gene 
was  altered  from  asparagine  to  serine  and  placed  back  into  the 
yeast  expression  system,  this  transformant  had  a  toxicity  profile 
identical  to  that  of  the  wild-type  WSN  protein,  but  the  growth 
impairment  was  now  responsive  to  amantadine.  This  proves 
that  the  asparagine  at  amino  acid  31  is  indeed  responsible  for 
the  resistance  of  the  WSN  M2  protein  to  amantadine  and  also 
strongly  suggests  that  the  toxicity  associated  with  protein  ex¬ 
pression  is  directly  related  to  the  ion  channel  activity  of  the  M2 
protein.  The  susceptibility  of  the  WSN  (N31S)  M2  protein  to 
amantadine  was  also  examined.  This  allele  is  extremely  sus¬ 
ceptible  to  amantadine,  with  significant  rescue  of  growth  ob¬ 
served  at  concentrations  as  low  as  30  nM  (data  not  shown). 
Growth  rescue  is  also  concentration  dependent,  suggesting 
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nels.  Growth  rescue  levels  off  at  approximately  10  piM  (unpub¬ 
lished  data),  suggesting  that  at  this  concentration  all  channels 
are  blocked. 

The  M2  protein  may  exert  its  toxic  effect  on  yeast  cells  by 
destabilizing  membrane  function  in  a  manner  similar  to  that  of 
killer  toxin,  a  low-molccular-weight  polypeptide  encoded  by 
the  yeast  Ml  virus  which  forms  ion  channels  in  the  lipid  bilayer 
(4, 19,  21),  In  yeast  cells,  ion  uptake  is  accomplished  through 
the  concerted  actions  of  transporter  proteins  with  ion  selectiv¬ 
ity  and  the  electrochemical  gradient  established  by  the  plasma 
membrane  H^-ATPase  (30).  Disruption  of  the  integrity  of  this 
gradient  leads  to  cell  death  by  permitting  the  lea^ge  of  es¬ 
sential  ions.  Exposure  to  toxin  results  in  a  rapid  inhibition  of 
net  proton  pumping  which  reduces  the  proton  gradient  aaoss 
the  plasma  membrane.  Measurement  of  extracellular  acidifi¬ 
cation  rates  of  yeast  strains  esqpressing  the  M2  ion  channel 
before  and  after  e:qx>sure  to  amantaefine  provides  evidence 
that  the  open  channel  impairs  the  ability  of  the  cell  to  maintain 
the  proton  gradient  Presumably,  the  plasma  membrane 
ATPase  is  more  active  in  the  presence  of  the  M2  channel  in 
order  to  maintain  a  gradient  T^e  transient  increase  in  proton 
fiux  observed  upon  exposure  of  cells  expressing  an  amanta¬ 
dine-susceptible  M2  protein  to  the  drug  suggests  that  blocking 
the  channel  stops  die  leakage  of  protons  into  the  cells.  Previ¬ 
ous  studies  of  die  M2  channel  cjqjressed  in  X,  laevis  ooqrtcs 
determined  its  cation  selectivity  but  were  unable  to  direedy 
demonstrate  proton  flow  through  the  channel  (26).  Recendy 
however,  reconstitution  of  recombinant  M2  into  liposomes  has 
allowed  for  the  demonstration  of  M2-mediated  proton  trans¬ 
location  in  vitro  (28).  The  microphysiometer  analyses  pre¬ 
sented  here  suggest  that  the  M2-mediated  proton  translocation 
occurs  in  vivo  in  this  heterologous  system. 

The  microphysiometer  analysis  also  indicates  that,  as  ob¬ 
served  in  other  expression  systems,  the  activity  of  the  Mj  chan¬ 
nel  in  yeast  cells  is  modulated  by  external  pH  (26, 36, 31),  The 
magnitude  of  the  increase  in  acidification  rates  due  to  aman¬ 
tadine  exposure  is  greatest  at  pH  5.5,  weaker  at  pH  6.5,  and 
undetectable  at  pH  7.5,  suggesting  that  amantadine  has  no 
effect  on  acidification  rates  at  the  higher  pH  because  the  chan¬ 
nel  is  inactive.  An  alternative  explanation  for  these  results  is 
that  at  the  higher  pH  there  is  less  proton  leakage  into  the  cell 
and  that  the  M2  channel  in  the  open  state  would  have  less  of  an 
effect  on  the  maintenance  of  the  proton  gradient  In  this  case, 
the  addition  of  amantadine  would  be  expected  to  have  little  or 
no  effect 

The  toxicity  profile  of  M2-cxpressing  yeast  cells  allowed  for 
the  development  of  a  screening  protocol  based  on  the  rescue  of 
cell  growth  in  the  presence  of  test  compounds.  This  protocol 
identified  BL-1743,  a  spirene-containing  imidazole  compound, 
as  an  inhibitor  of  M2.  BL-1743  exhibited  a  50%  inhibitory 
concentration  of  250  nM  in  the  yeast  assay,  whereas  it  exhib¬ 
ited  a  50%  inhibitory  concentration  of  2  pM  in  the  virus  plaque 
reduction  assay.  This  disparity  may  result  from  the  relative 
levels  of  M2  protein  produced  in  each  system,  differences  in  the 
solubility  of  BL-1743  in  the  two  culture  media,  or  inherent 
differences  in  the  sensitivities  of  these  assays.  BL-1743  has  a 
profile  similar  to  that  of  amantadine  in  that  it  is  active  against 
an  amantadine-susceptible  strain  (AAJdomy72)  but  not  against 
AyWSN/33,  which  is  amantadine  resistant  The  same  profile  is 
observed  in  the  yeast  toxicity  rescue  assay.  In  the  yeast  assay, 
the  simultaneous  addition  of  amantadine  and  BL-1743  does 
not  produce  an  additive  effect  on  M2  inhibition,  suggesting  that 
these  two  compounds  interact  with  similar  sites  in  the  M2 
protein  (data  not  shown).  Also,  the  WSN  (N31S)  mutant  pro¬ 
tein,  which  is  converted  to  amantadine  susceptibility,  is  also 
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novel  structure  with  an  antiviral  profile  similar  to  that  of  aman¬ 
tadine. 
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Biosensors  provide  analytical  information  about  biochemical  and  biological 
systems.  One  such  device  is  a  light-addressable  potentiometric  sensor  at 
the  heart  of  an  instrument  called  a  microphysiometer.  The  instrument 
detects  a  signal  that  is  closely  related  to  the  cellular  metabolic  rate.  The 
use  of  this  device  is  discussed. 
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Introduction 


Biosensors  are  broadly  defined  as  devices  that  provide 
anaiyticai  information  about  biochemical  and  biologi¬ 
cal  systems  ll,2**).  Biosensors  are  often  more  narrowly 
viewed  as  small  devices  based  on  silicon-chip  technol¬ 
ogy,  optic  fibers  or  electrochemistry  (3).  The  variety  of 
the  devices  and  their  applications  are  not  reviewed  here. 
Instead  we  focus  on  one  single  device,  a  light-addressable 
potentiometric  sensor  (LAPS)  [4],  at  the  heart  of  an  in¬ 
strument  called  a  microphysiometer  [5].  Our  discussion 
is  direaed  to  workers  in  the  field  of  biotechnology  who 
may  find  this  device  useful  in  their  own  work,  rather  than 
to  readers  who  might  be  more  interested  in  the  technical 
details  of  the  instrumentation. 

The  microphysiometer  detects  a  signal  that  is  closely 
related  to  the  cellular  metabolic  rate.  Measuring  the 
metabolic  rate  with  high  sensitivity  and  time  resolution 
can  be  a  surprisingly  useful  and  powerful  technique  for 
detecting  changes  in  ceil  physiology.  The  many  biochemi¬ 
cal  reactions  that  characterize  the  living  state  are  highly 
coupled  so  that  changes  at  one  biochemical  site  propa¬ 
gate  throughout  the  metabolic  network,  with  attenuation 
or  amplification.  Energy  metabolism  is  particulariy  richly 
coupl^  to  this  web,  and  so  presents  an  attractive  pro¬ 
cess  to  monitor.  A  general  means  of  detecting  physiologi¬ 
cal  changes  in  ceils  can  be  a  powerful  way  of  detecting 
chemical  and  physical  changes  in  cellular  environments 
that  have  functional  consequences. 

There  are  several  possible  experimental  approaches.  For 
example,  one  can  measure  the  rate  of  cellular  oxygen 
consumption  with  an  oxygen  electrode  [6]  or  the  rate  of 
heat  production  with  a  microcaiorimeter  (7,8).  Because 
the  principal  products  of  glycolysis  and  respiration  are 
both  acidic  (lactic  acid  and  CO2,  or  carbonic  acid),  one 


can  also  monitor  energy  metabolism  by  measuring  the 
rate  at  which  ceils  acidify  their  environment  We  have 
chosen  this  last  method  because  the  charaaeriscics  of  the 
LAPS  are  particularty  suited  to  this  application,  measuring 
phenomena  that  have  been  cMicult  to  detect  previously. 


Operational  principles 

The  microphysiometer  uses  a  flow  chamber  into  which 
an  aqueous  solution  can  be  introduced  and  then  re¬ 
moved.  One  wall  of  this  chamber  is  formed  by  the  LAPS. 
The  surface  of  the  LAPS  comprises  a  thin  ( 60  nm)  insu¬ 
lating  barrier  of  silicon  oxide  and  nitride  which  separates 
the  silicon  and  the  aqueous  medium.  When  a  potential  is 
applied  across  the  barrier  by  means  of  one  elearode  in 
the  aqueous  solution  and  a  second  electrode  attached  to 
the  silicon,  an  electric  field  is  created  within  the  silicon.  A 
pulse  of  light  from  a  source  such  as  a  light-emitting  diode 
can  be  absorbed  in  the  silicon,  generating  electron- hole 
pairs.  The  electrons  and  holes  move  in  the  electrical  field 
and  produce  a  transient  current  that  can  be  detected  by 
an  external  circuit  When  the  light  is  pulsed,  the  alternat¬ 
ing  current  in  the  external  circuit  can  be  measured  by  a 
low-impedance  detecting  system.  The  magnitude  of  this 
current  depends  on  the  bias  potential  across  the  insu¬ 
lating  barrier.  The  electrostatic  potential  due  to  charged 
molecules  and  ions  that  bind  to  the  insulating  barrier 
adds  in  series  with  the  applied  potential.  Oxynitride  insu¬ 
lators  bind  protons,  and  diis  translates  into  a  pH  sensitiv¬ 
ity  of  the  alternating  current  in  the  external  circuit.  The 
basic  LAPS  structure  can  be  modified  so  that  it  is  selec¬ 
tively  sensitive  to  redox  potentials,  or  other  interactions 
that  add  in  series  to  the  applied  potential.  The  micro¬ 
physiometer  described  here  relies  on  the  pH  sensitivity 
of  silicon  oxynitride  surfaces. 


Abbreviation 

LAPS — light-addressable  potentiometric  sensor. 
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Sensitivity  and  amplification 

The  silicon  sensor  together  with  the  electronic  detection 
system  can  be  designed  so  that  the  potential  drift  in  the 
system  is  <  l  gVs“  The  pH  response  on  properly  pre¬ 
pared  oxyiutride  surtaces  is  Nemstian  over  a  broad  pH 
pH  =  2—11,  so  that  the  drift  of  pH  in  this  system  is 
only  of  the  order  of  16  x  io-6  pH  units  s ”  i.  Biological 
components  that  change  pH,  such  as  enzyme— substrate 
combinations  and  biological  cells,  can  be  detected  with 
high  sensitivity  in  a  flow  chamber  such  as  that  sketched  in 
Fig.1,  provided  the  chamber  has  a  suffidently  small  vol¬ 
ume.  The  sensitivity  is  ultimately  limited  by  the  buffer  ca- 
p^ty  of  the  solution  or  the  solid  surftures.  Sensitivity  in 
this  system  has  been  previously  discussed  by  Hafeman  et 
aL  [4]  and  Bousse  et  aL  (9*]. 


Hg.  1.  Schematic  diagram  of  the  microphysiometer  flow  chamber. 
Abbreviation;  LAPS,  light-addressable  potentiometnc  sensor. 


The  microphysiometer 


The  microphysiometer  is  designed  to  detect  the  metabol¬ 
ic  activity  of  biological  cells,  particularly  eukaryotic  rejig 
In  operauon,  ceils  are  confined  to  a  flow  chamber  such  as 
the  one  sketched  in  Fig.  1.  Adherent  cells  can  be  attached 
to  either  the  upper  or  the  lower  surface  of  the  cham¬ 
ber,  or  to  some  other  supporting  structure.  Non-adher¬ 
ent  cells  must  be  constrained  by  means  of  a  membrane, 
together  with  a  supporting  medium  such  as  chopped  col¬ 
lagen.  In  the  microphysiometer  under  development  at 
Molecular  Devices  Cotp.,  both  adherent  and  non-adher¬ 
ent  ceils  are  contained  in  a  disposable  flow  capsule  that 
is  maintained  in  close  proximity  to  the  silicon. 

The  medium  passing  through  the  flow  chamber  is  cycled, 
flow  on  and  flow  off,  for  periods  of  the  order  of  1  min 


each.  During  the  flow-on  cycle,  the  pH  is  essentially  con¬ 
stant  and  equal  to  the  pH  of  the  medium.  During  the 
flow-off  cycle,  the  medium  acidifies,  the  acidification  rate 
depending  on  the  number  of  cells  and  their  meabolic 
a^ty.  Experimental  records  of  the  process  are  given  in 
Fig.  2.  A  diagram  of  the  microphysiometer  svstem  is  given 
in  Fig.  3.  -  6* 


Cell  triggering  by  receptor  ligands 

A  carefully  designed  microphysiometer  can  detect  the 
triggering  of  eukaryotic  cells  by  a  wide  variety  of  spe 
dfic  receptor  ligands  [10«M1,12|.  Although  this  was  a 
hoped-for  result,  there  was  no  quantiaove  justification 
for  this  hope  before  construction  of  the  microphysiome¬ 
ter  was  undertaken.  Even  today,  there  is  no  compelling 
general  explaration  of  the  observed  high  sensitivity  of 
the  microphysiometer  for  detecting  the  triggering  of  cells 
by  receptor  ligands.  In  the  following  discussion,  we  illus¬ 
trate  resula  obtained  using  various  types  of  receptors.  In 
these  experiments,  several  strategies  have  been  used  to 
optimize  the  sensitivity  of  response.  The  medium  bathing 
the  cells  generally  has  a  low  buffer  capacity,  about  ImM. 
The  best  responses  from  cells  are  often  observed  for 
‘serum  starved’  cells,  the  cells  that  have  been  maintained 
in  medium  free  of  serum  for  a  period  of  time  before  the 
experiment  [10»»). 

Figure  4  shows  the  rapid  pH  response  of  Chinese  ham¬ 
ster  ovary  cells  transfected  with  the  m,  muscarinic  acetyl¬ 
choline  receptor  to  agonist  and  to  antagonist  The  re 
sponse  of  these  cells  to  a  sudden  introduction  of  100  pM 
of  the  agonist  carbachol  takes  place  within  the  time  reso¬ 
lution  of  the  on  (30  s)  and  off  (60s)  cycle.  Figure  4  shows 
that  1  pM  atropine,  the  competitive  antagonist  com 
pletely  blocks  the  carbachol-induced  response.  Figure  -i 
also  shows  the  pH  response  of  Chinese  hamster  ovary- 
cells  to  insulin.  This  cellular  triggering  may  be  a  result 
of  stimulation  of  the  insulin  receptor  and/or  the  insulin¬ 
like  growth  faaor  receptor  [131.  The  cellular  responses 
to  both  insulin  and  carbachol  lead  to  a  similar  pH 
overshoot,  even  though  the  bitKhemical  effector  path 
ways  following  receptor  tnggering  are  presumablv  quite 
different 


Effector  pathways 


At  the  time  of  this  writing,  the  microphy.siometers  under 
development  have  been  used  to  observe  the  tnggenng  of 
cells  by  about  a  dozen  specific  receptor  ligands.  .Most  of 
the  well  known  second-messenger  pathways  have  been 
covered  in  this  work;  the  Pi-adrenergic  and  prostaglandin 
El  receptors  respond  through  the  stimulation  of  adenylyl 
cyclase:  the  di  dopamine  respon.se  involves  the  inhibition 
of  adenylyl  cyclase:  the  m]  muscarinic  receptor  response 
involves  the  activation  of  phosphatidylinositol  hydroly¬ 
sis  and  the  opening  of  a  G-protein-regulated  K-^  chan- 
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pH  relative 
to  7.4 
(milli-pH) 


fig.  2.  Microphysiometer  flow  chamber 
pH  versus  time  profile. 


Peristaltic  pump 


Oebubbier 


injection  value 
and  loop 


IFlow  chamber 
with  cells:  LAPS 
in  base  chamber 


Pers<^nal  lompuler 
.ind  printer 


Fig  3.  Diagram  of  the  microphysiometer  system.  A  personal  computer  controls  the  on/off  cycle  ot  the  peristaltic  pump  and  acquires  data 
from  the  light-addressable  potentiometnc  sensor  iLAPS)  in  the  flow  chamber.  The  debubbler  removes  bubbles  and  excess  gas  rrom  the 
culture  medium  so  that  bubbles  do  not  form  in  the  warm  137*0  How  chamber.  An  injection  loop  valve  is  provided  tor  the  introduction 
ot  samples. 


Rg.  4.  Metabolic  responses  of  Chinese 
hamster  ovary  cells  transfected  with 
the  muscarintc  acetylcholine  receptor 
to  the  additton  of  agonist  and  antag* 
onist.  Cells  in  four  microphysiometer 
chambers  were  exposed  either  to  con¬ 
trol  medium  (filled  symbols)  or  control 
medium  containing  1  nM  atropine  (open 
symbols),  a  muscarinic  antagonist.  At 
t  =  0, 100  pM  carbachol  was  introduced 
into  ail  four  chambers. 


Fig.  5.  Metabolic  rpsoonses  oi  Chinese 
hamster  ovarv  M  <  ells  to  insulin,  in¬ 
sulin  at  a  concentration  or  *«)nM  #) 
or  900 nM  was  present  during  the 
f)enod  indicated  bv  the  ''Olid  svmbols. 
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nd;  the  kainate  (glutamate)  receptor  involves  a  Na'*‘/K'*“ 
channel  intiinsic  to  the  receptor  and,  eptdennal  growth 
factor  and  insulin-like  growth  faaor  involve  protein  ki¬ 
nases  also  intiinsic  to  the  receptors. 

What  specific  intracellular  biochemical  reactions  lead  to 
the  observed  changes  in  proton  production  when  recep¬ 
tors  are  activated?  Frequently,  the  receptor-triggered  pro¬ 
ton  flux  exhibits  an  initial  overshoot  that  subsequently 
returns  to  a  steady-state  value,  as  in  Fig.  4.  The  idtered 
steady  state  can  be  understood  in  terms  of  changes  in 
the  rates  of  glycolysis  and  respiration;  in  a  few  cases, 
e.g.  insulin,  these  mechanisms  are  fairly  well  understood 
[14].  The  transient  phase  probably  involves  enhanced 
ATP  hydrolysis  and  synthesis,  but  the  time  courses  of  the 
various  biochemical  steps  required  in  specific  cases  are 
not  known  at  present  The  overshoot  phenomenon  could 
be  regarded  simply  as  a  transient  to  be  expeaed  when 
a  system  of  coupled  enzymatic  reactions  passes  from 
one  steady  state  to  another.  More  mechanistically  precise 
models  involving  feedback  loops  between  ATP  hydrol¬ 
ysis  and  synthesis,  or  changes  in  intracellular  pH,  pro¬ 
duce  overshoots  qualitatively  similar  to  those  seen  with 
the  microphysiometer  (JC  Owicki  and  JW  Parce,  unpub¬ 
lished  data).  Another  entirely  different  possibility  is  that 
each  cell  has  an  oscillatory  proton  excretion  rate.  Un¬ 
der  steady-state  conditions,  there  i.s  generally  no  phase 
coherence  among  a  population  of  the  order  of  1000 
ceils.  However,  it  is  conceivable  that  a  pulse  of  receptor 
ligand  can  set’  the  phase  of  the  cell  oscillations  for  one, 
or  possibly  two  periods,  giving  an  irutial  (wershtx^t  in  pro¬ 
ton  e.xcretion.  This  is  analogous  to  the  phasing  of  yeast 
cells  brought  about  by  a  pulse  of  added  glucose  ( 15,16] . 
The  problem  is  not  entirely  theoretical,  as  the  general  aim 
is  to  provide  conditions  allowing  a  maximal  enhancement 
<^f  proton  e.xcretion  following  receptor  triggering. 

The  microphysiometer  can  also  be  conveniently  used 
to  carry  out  pharmacological  studies  of  the  receptor 


fig.  6,  Metabolic  responses  of  Oiinese 
hamster  ovary  cells  containing  trans¬ 
fected  human  receptors 

to  various  agents  that  increase  cyto¬ 
plasmic  cyclic  AMP  concentrations.  The 
agents.  10  pM  isoproterenol  (O),  500 pM 
8-bromo  cyclic  AMP  (A),  lOpgml*^ 
forskoltn  (■).  or  1  pg  ml  ^  ^  cholera  toxin 
(□),  were  introduce  during  the  period 
represented  by  the  filled  symbols.  The 
control  chamber  in  which  no  agent  was 
introduced  is  represented  by  X. 

second-messenger  pathways  themselves.  For  example, 
upon  agonist  binding,  the  receptor  acti¬ 

vates  a  Gs  protein  that  in  turn  activates  adenylate  cyclase, 
resulting  in  an  increase  in  the  cyclic  AMP  concentration 
within  the  cell  [17].  The  metabolic  increase  observed 
in  the  microphysiometer  upon  stimulation  of  this  recep¬ 
tor  is  a  response  to  the  increased  levels  of  cyclic  AMP. 
This  is  shown  in  Fig.  5.  Cellular  metabolic  responses  are 
observed  upon  receptor- ligand  interaction,  upon  treat¬ 
ment  of  the  cells  with  cholera  toxin  (a  Gs  protein  ac¬ 
tivator  [18]),  introduction  of  forskolin  (an  activator  of 
adenylate  cyclase  [19]),  and  upon  addition  of  8-bromo 
cyclic  AMP  (a  stable  cyclic  AMP  derivative  [20]).  The  ki¬ 
netics  of  activation  and  the  reversibility  of  the  response 
to  these  agents  are  as  expected.  All  of  the  agents  except 
cholera  toxin  demonstrate  reversible  increases  in  acidifi¬ 
cation  rates.  Cholera  toxin  is  known  to  activate  G,  protein 
irreversibly  by  an  ADP  ribosylation  step  [  18] .  Using  phar¬ 
macological  agents  such  as  those  descnbed  above,  the 
second- messenger  pathway  to  metabolic  activation  can 
be  mapped.  Furthermore,  in  the  case  of  non-functional 
receptor-cell  systems  that  occasionally  occur  in  geneti¬ 
cally  engineered  cells,  the  deflect  point  in  the  second - 
messenger  pathway  can  be  quickly  identified. 


Applications,  and  new  receptor  ligands 

There  are  many  potential  practical  applications  of  the  mi¬ 
crophysiometer  in  analyiical  bioiechnoiogy\  for  example, 
bioassays  for  specific  receptor  ligands.  Other  applications 
include  the  determination  of  irritancy  and  toxicity,  which 
may  at  least  partly  replace  animal  tesung  [21*.22**j.  Inves¬ 
tigations  of  chemotherapeutic  efficacy  on  small  samples 
of  cells  are  also  possible  [5|.  From  both  a  theoretical 
and  a  practical  p>oini  of  view,  one  of  the  most  interest¬ 
ing  areas  of  application  of  the  microphysiometer  is  the 
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screening  for  new  receptor  ligands.  The  microphysiome- 
ter  should  serve  as  a  useful  adjunct  to  drug*discovery 
methods  that  involve  radioactive  ligand- binding  assays. 
Perhaps  the  most  exciting  area  concerns  identification  of 
receptors  with  unknown  ligands  such  as  the  so-called  or¬ 
phan  receptors  that  have  been  cloned  by  low-stringency 
hybridization  to  DNA  sequences  found  in  known  recep¬ 
tors. 
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The  Cytosensor 
Microphysiometer:  Biological 
Applications  of  Silicon  Technology 

H.  M.  McConnell,  J.  C.  Owicki,  J.  W.  Parce,*  D.  L.  Miller, 

G.  T.  Baxter,  H.  G.  Wada,  S.  Pitchford 

A  silicon-based  device,  dubbed  a  microphysiometer,  can  be  used  to  detect  and  monitor 
the  response  of  cells  to  a  variety  of  chemical  substances,  especially  ligands  for  specific 
plasma  membrane  receptors.  The  microphysiometer  measures  the  rate  of  proton  excretion 
from  10'*  to  10®  cells.  This  article  gives  an  overview  of  experiments  currently  being  carried 
out  with  this  instrument  with  emphasis  on  receptors  with  seven  transmembrane  helices  and 
tyrosine  kinase  receptors.  As  a  scientific  instrument,  the  microphysiometer  can  be  thought 
of  as  serving  two  distinct  functions.  In  terms  of  detecting  specific  molecules,  selected 
biological  cells  in  this  instrument  serve  as  detectors  and  amplifiers.  The  microphysiometer 
can  also  investigate  cell  function  and  biochemistry.  A  major  application  of  this  instrument 
may  prove  to  be  screening  for  new  receptor  ligands.  In  this  respect,  the  microphysiometer 
appears  to  offer  significant  advantages  over  other  techniques. 


The  best  known  applications  of  silicon 
(Si)  technology  are  in  nonbiological 
realms,  such  as  computers.  This  article, 
however,  describes  a  biological  application 
of  Si  technology:  the  integration  of  living 
cells  with  a  Si-based  sensor  to  form  an 
instrument  that  detects  a  wide  variety  of 
molecules  in  the  cells’  environment  by  ef¬ 
fects  on  cell  physiology. 

This  instrument  is  called  the  microphys¬ 
iometer  (its  manufactured  version  is  the 
Cytosensor),  and  it  differs  from  most  other 
analytical  instruments.  Instead  of  reporting 
structural  features  of  an  analyte  as  do,  for 
example,  electrophoresis,  nuclear  magnetic 
resonance,  and  immunoassays,  the  micro¬ 
physiometer  instead  reports  the  effects  of  an 
analyte  on  biological  function.  In  other 
words,  it  is  a  system  for  performing  bioas¬ 
says.  It  is  more  akin  to  techniques  that 
monitor  cell  growth  and  morphology,  assays 
of  biochemical  change,  and  techniques  that 
measure  variations  in  transmembrane  po¬ 
tentials  and  currents. 

With  few  exceptions,  cells  acidify  their 
environments  because  of  acidic  products  of 
energy  metabolism.  Adenosine  triphos¬ 
phate  (ATP)  production  by  means  of  ener¬ 
gy  metabolism  is  tightly  coupled  to  cellular 
ATP  consumption  such  that  changes  in  cell 
physiology  cause  changes  in  the  rate  of 
energy  use  and,  hence,  in  the  rate  of  extra¬ 
cellular  acidification.  In  many  cases,  these 
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changes  are  large  enough  to  detect  conve¬ 
niently  with  the  microphysiometer;  typical¬ 
ly,  changes  of  10  to  100%  occur  on  a  time 
scale  of  seconds  to  minutes.  Another  kind 
of  proton-mediated  signal  of  physiological 
changes  arises  from  changes  in  intracellular 
pH,  which  appear  as  complementary 
changes  in  extracellular  pH  as  protons  are 
transported  across  the  plasma  membrane. 
These  effects  are  the  bases  of  the  broad 
applicability  of  the  instrument. 

The  microphysiometer  uses  a  light-ad¬ 
dressable  potenciometric  sensor  (LAPS)  to 
measure  the  rate  at  which  cells  acidify  their 
environment.  Figure  1  is  a  diagram  of  the 
LAPS  and  its  accompanying  circuitry.  The 
LAPS  is  a  piece  of  doped  Si  with  a  thin 
insulator  on  the  surface.  An  external  circuit 


connects  an  ohmic  contact  on  the  Si  to  an 
aqueous  compartment  that  is  in  contact  with 
the  insulator.  The  function  of  the  external 
circuit  is  twofold.  It  controls  the  potential 
from  the  Si  to  the  aqueous  solution  and 
measures  an  alternating  photocurrent.  The 
photocurrent  is  generated  when  the  sensor  is 
illuminated  with  an  amplitude-modulated 
light-emitting  diode  (LED) .  When  the  poten¬ 
tial  from  Si  to  solution  is  adjusted  so  that  the 
Si  is  forward  biased,  no  photocurrent  flows  in 
the  external  circuit.  When  the  sensor  is  re¬ 
verse  biased,  a  voltage  gradient  (depletion 
layer)  is  formed  immediately  below  the  insu¬ 
lator.  This  voltage  gradient  results  in  the 
separation  of  hole-electron  pairs  formed  by 
absorption  of  light  from  the  LED,  and  an 
ac-coupled  photocurrent  flows  in  the  external 
circuit.  No  direct  current  passes  through  the 
insulator. 

The  applied  potential  (‘^)  at  which  pho¬ 
tocurrent  begins  to  flow  is  defined  by  the  sum 
of  a  variety  of  constant  potentiak  (that  is, 
contact  potentiak)  and  the  surface  potential 
of  the  aqueous-insulator  interfece.  Changes  in 
the  surface  potential  can  therefore  be  mea¬ 
sured  by  a  determination  of  the  changes  in  ^ 
required  to  produce  a  photocurrent.  The  sur¬ 
face  of  the  Si  nitride  insulator  contains  hy¬ 
droxyl  and  amino  functions,  both  of  which 
can  be  titrated  as  a  fimcdon  of  pH.  Therefore, 
the  surface  potential  at  the  aqueous-insulator 
interface  is  sensitive  to  pH.  A  properly  pre¬ 
pared  Si  nitride  surface  has  a  sufficiently  high 
density  of  titratable  groups  to  make  the  pH 
response  of  the  surface  potential  Nemstian 
(61  mV  per  pH  unit  at  37°C).  The  light- 
addressable  nature  of  the  sensor  results  from 
the  fact  that  the  pH  is  measured  only  at  the 
site  of  illumination  by  the  LED.  Other  devices 
have  used  this  feature  to  perform  several 
immunoassays  simultaneously  on  one  sensor 
(i).  In  the  Cytosensor,  only  one  LED  is  used 

V 


Fig.  1.  Schematic  drawing  of  the 
light-addressable  potentiometric 
sensor  (LAPS). 


Insulator 

Silicon 


1906 


SCIENCE  •  VOL.  257 


25  SEPTEMBER  1992 


Fig.  2.  Cytosensor  description  and  operation.  (A)  Flow  chamber  containing  cells.  Cells  are 
retained  in  a  disk-shaped  region  50  jim  high  and  6  mm  In  diameter  between  two  track-etched 
microporous  polycarbonate  membranes,  shown  with  diagonal  hatching.  The  sensing  surface  (top) 
of  the  LAPS  contacts  the  lower  membrane,  and  culture  medium  flows  tangentially  across  the 
surface  of  the  upper  membrane.  An  LED  (bottom  of  figure)  illuminates  the  non-sensing  surface 
(bottom)  of  the  LAPS.  (B)  Instrumentation  schematic.  The  electronics  that  operates  the  LAPS 
makes  three  analog  connections  to  the  instrument  beyond  those  to  the  LED:  one  to  the  underside 
of  the  LAPS  chip,  one  to  a  controlling  electrode  in  the  ceiling  of  the  flow  chamber,  and  one  to  the 
reference  electrode.  A  complete  Cytosensor  system  contains  eight  flow  chambers  and  associated 
components  managed  by  one  computer.  (C)  Plot  of  pH  versus  time  for  CHO  cells  transfected  with 
the  muscarinic  acetylcholine  receptor.  Agonist  (carbachol)  was  added  at  time  f  =  100  s.  (D)  Plot 
of  acidification  rate  versus  time  for  the  data  shown  in  (C).  During  each  flow-off  period  shown  in  (C), 
the  sensor  data  are  fit  to  a  straight  line  with  the  use  of  a  least-squares  procedure;  the  slope  of  this 
line  is  reported  as  the  acidification  rate.  Numerically.  1  piV/s  is  close  to  1  x  10”^  pH  units  per 
minute.  In  this  figure,  receptors  on  the  cells  were  activated  with  an  agonist  midway  through  the 
period  shown.  The  increase  in  acidification  rate  is  apparent. 


per  sensor  chamber.  In  this  configuration,  it  is 
possible  to  optimize  the  signal-to-noise  ratio 
of  the  pH  measurement.  At  present,  the 
instrument  makes  one  pH  reading  per  second 
in  every  chamber  with  a  root-mean-square 
noise  between  0.(XX)5  and  0.(301  pH  units. 
This  low  noise  feature  of  the  LAPS  is  very 
important  for  the  measurement  of  subtle 
changes  in  cell  physiology  in  the  microphysi- 
omecer. 

The  following  paragraphs  provide  a 
more  detailed  description  of  the  physical 
and  biochemical  aspects  of  the  microphys- 
iometer.  Additional  information  about  the 
LAPS  can  be  found  in  (2);  additional  in¬ 
formation  about  the  operation  of  the  micro- 
physiometer  can  be  found  in  (3)  and  (4). 
For  a  thorough  discussion  of  quantitative 
aspects  of  cellular  metabolism  relative  to 
microphysiometry,  see  (5)  and  references 
therein.  We  conclude  with  some  examples 
of  applications  of  the  microphysiometer. 

I  The  Microphysiometer  and  Its 
Biological  Basis 

Cells,  whether  eukaryotic  or  prokaryotic, 
adherent  or  nonadherent,  are  retained  by 


the  microphysiometer  in  a  flow  chamber  in 
aqueous  diffusive  contact  with  the  pH-sen- 
sitive  surface  of  a  LAPS  chip  (Fig.  2A). 
Adherent  cells  attach  directly  to  the  mem¬ 
brane  surface,  whereas  nonadherent  cells 
are  immobilized  by,  for  example,  entrap¬ 
ment  within  a  fibrin  clot.  An  infrared  LED 
illuminates  the  underside  of  the  LAPS 
chip,  which  defines  the  region  of  the  cham¬ 
ber  from  which  data  are  obtained.  As 
shown  in  Fig.  2B,  this  chamber  is  the  heart 
of  an  instrument  that  controls  the  flow  of 
medium  over  the  cells,  the  introduction  of 
test  substances,  the  chamber  temperature, 
the  LAPS  electronics,  and  data  manage¬ 
ment.  Culture  medium  is  pumped  from  a 
reservoir  by  a  peristaltic  pump  and  passes 
through  a  debubbler-degasser,  a  selection 
valve,  and  the  flow  chamber.  After  leaving 
the  flow  chamber,  it  passes  a  reference 
electrode  en  route  to  a  waste  receptacle. 
Samples  for  analysis  can  be  introduced  at 
the  selection  valve  through  an  injection 
loop.  Alternately,  the  tubing  can  be  con¬ 
figured  so  that  the  valve  controls  which  of 
two  pumped  streams  of  media  enters  the 
flow  chamber.  A  personal  computer  (a 
Macintosh  with  dedicated  software)  con¬ 


trols  the  LAPS  electronics,  the  pump,  and 
the  valve;  it  also  manages  data  acquisition, 
analysis,  and  storage. 

The  extracellular  acidification  rate  is  de¬ 
termined  by  measurement  of  the  decrease  in 
pH  that  occurs  as  acidic  metabolites  build  up 
during  brief  halts  in  the  flow  of  media  (Fig.  2, 
C  and  D).  Once  each  second  for  each  flow 
chamber,  the  LAPS  makes  a  voltage  measure¬ 
ment  that  is  linearly  related  to  pH  (a  decrease 
of  61  mV  is  approximately  equal  to  an  acidi¬ 
fication  of  1  pH  unit  at  37°C).  During  fluid 
flow,  the  sensor  output  is  stable  and  reflects  a 
pH  near  that  of  the  culture  medium  entering 
the  flow  chamber.  When  the  flow  is  briefly 
halted,  typically  for  30  to  60  s,  the  pH  in  the 
chamber  decreases  as  a  result  of  the  excretion 
of  protons  by  the  cells.  These  acidifications 
are  typically  <0.1  pH  unit  and  cause  no 
significant  perturbations  of  cell  physiology. 
When  the  flow  is  resumed,  the  sensor  output 
rises  to  the  previous  steady  state  as  the  mildly 
acidified  medium  is  flushed  out.  The  flow 
cycle  is  repeated  continually,  yielding  one 
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measurement  of  acidification  rate  at  each 
flow-off  period.  Usually,  one  can  improve  the 
sensitivity  of  the  method  by  decreasing  the 
buffer  capacity  of  the  culture  medium  to  about 
1  mM  per  pH  unit  by  not  adding  strongly 
buffering  species  such  as  bicarbonate  and 
Hepes  to  the  medium. 

Figure  3  shows  schematically  the  principal 
cellular  mechanisms  by  which  protons  are 
produced  and  excreted  for  a  composite  mam¬ 
malian  cell  with  the  use  of  glucose  as  a  carbon 
source.  It  further  indicates  how  these  pro¬ 
cesses  can  be  modulated  by  ligand-receptor 
interactions,  as  discussed  below.  The  main 
parts  of  the  proton  economy  include  several 
factors. 

Proton  production.  Glucose  enters 
through  a  glucose  transport  protein  and  is 
metabolized  to  lactic  acid  by  glycolysis  or 
oxidized  to  CO2  by  respiration.  At  physio¬ 
logical  pH,  both  of  these  weak  acids  are 
predominantly  dissociated. 

Proton  excretion.  These  protons  cross  the 
plasma  membrane  by  several  means,  both 
unfacilitated  and  facilitated.  Some  of  the 
lactic  acid  and  CO2  passively  diffuses  across 
the  membrane.  Lactic  acid  is  also  excreted 
through  the  monocarboxylic  acid  transport¬ 
er.  Bicarbonate  exits  by  several  varieties  of 
anion  transport  proteins,  one  of  which  is 
shown  (Fig.  3),  Pathways  for  proton  efflux 
include  the  Na'^-H'^  exchanger  as  well  as 
various  proton  channels  and  pumps. 

Regulatory  mechanisms  and  receptor  activa¬ 
tion.  Energy  metabolism  is  largely  regulated 
by  cellular  demand  for  ATP,  which  arises 
from  diverse  metabolic  processes.  In  Fig.  3, 
the  maintenance  of  transmembrane  Na"^- 
K'*’  gradients  by  means  of  Na'*’,  K*^-depen- 
dent  adenosine  triphosphatase  is  shown. 
The  activation  of  a  receptor  can  alter  the 
rate  of  extracellular  acidification  by  causing 
metabolic  changes  that  affect  demand  for 
ATP.  It  can  also  act  more  directly  at  key 
regulatory  points  such  as  the  Na^-H"^  ex¬ 
changer  and  glucose  transport. 

For  a  typical  cultured  mammalian  cell  such 
as  a  fibroblast,  energy  metabolism  yields  ^10® 
protons  per  second  in  steady  state.  Table  1 
shows  that  the  metabolism  of  all  of  the  carbon 
sources  commonly  used  in  mammalian  cell 
culture  media  leads  to  acidification.  Glycolysis 
is  by  far  the  most  acidifying  process  in  terms  of 
protons  produced  per  turnover  of  an  ATP 
molecule.  Coupled  to  the  fact  that  glycolysis 
is  usually  very  active  in  cultured  cells  (in 
contrast  to  in  vivo),  this  means  that  most  of 
the  protons  excreted  by  cultured  cells  are 
usually  of  glycolytic  origin.  Data  obtained 
with  the  microphysiometer  to  corroborate 
this  are  shown  in  Fig.  4A.  Chinese  ham¬ 
ster  ovary-Kl  (CHO-Kl)  cells  maintained 
on  glucose  show  high  acidification  rates 
that  decrease  significantly  when  the  glu¬ 
cose  is  replaced  by  pyruvate  or  is  simply 
removed  from  the  medium. 


The  overshoot  that  occurs  when  pyru¬ 
vate  is  replaced  by  glucose  is  evidence  of  a 
feature  of  the  transport  mechanisms  of 
monocarboxylic  acids:  the  ionized  form 
cannot  permeate  a  membrane,  but  the  pro- 
tonated  form  can  be  transported  either  by 
the  monocarboxylic  acid  carrier  or  by  unfa¬ 
cilitated  diffusion.  The  addition  of  such 
weak  acids  extracell ularly  causes  a  pulse  of 
alkalinization  that  is  the  result  of  the  influx 
of  the  protonated  form  until  transmem¬ 
brane  equilibrium  is  reached.  The  removal 


of  the  weak  acid  causes  a  pulse  of  acidifica¬ 
tion  as  the  process  is  reversed.  This  effect  is 
shown  more  clearly  in  Fig.  4B  with  oxam- 
ate,  a  nonmetabolizable  analog  of  pyruvate. 

The  Na'^-H'^  exchange  protein  in  the 
plasma  membrane  is  an  important  and  dy¬ 
namically  controlled  regulatory  mechanism 
for  intracellular  pH.  The  activity  of  this 
antiporter  can  be  observed  directly  in  the 
microphysiometer  (Fig.  4C).  Cells  are  in¬ 
cubated  in  media  in  which  Na"^  is  replaced 
with  choline,  which  starves  the  Na'^-H'^ 


Production  of  Acidic  Metabolites  by  a  Cell 


Fig.  3.  The  cell  biology  of  extracellular  acidification.  The  figure  schematically  shows  the  main 
features  of  cellular  proton  economy.  Not  all  cells  use  all  of  the  pathways  shown  in  this  composite 
figure. 

Table  1.  Proton  yield  per  ATP  molecule  turned  over  during  energy  metabolism  of  representative 
carbon  sources.  ATP  does  not  appear  explicitly  in  the  reactions  because  it  was  assumed  that  ATP 
synthesis  and  hydrolysis  are  tightly  coupled.  Because  hydrolysis  of  one  ATP  molecule  per  second 
produces  a  substantial  fraction  of  a  proton,  imbalances  between  ATP  synthesis  and  hydrolysis  can 
produce  transient  alterations  in  the  rate  of  acidification. 


Carbon 

source 

Pathway 

Reaction 

ATP 

yield 

(per 

substrate 

molecule) 

per  ATP 
molecule 

Glucose 

Glycolysis 

Glucose  2  lactate*  +  2  H'*' 

2 

1.000 

Glucose 

Respiration 

Glucose  +  6  O2  6  HC03“  +  6  H"*" 

36 

0.167 

Glutamine 

Respiration 

Glutamine  -i-  9/2  O2  +  3  H2O 

5  HCO3-  +  2  NH^-^  +  3 

27 

0.111 

Pyruvate 

Respiration 

Pyruvate”  +  5/2  O2  +  H2O  *-> 

3  HCO3”  +  2H^ 

15 

0.333 
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exchanger  and  causes  an  increase  in  intra¬ 
cellular  proton  concentration.  When 
choline  is  replaced  with  Na"^,  a  large  surge 
of  extracellular  acidification  accompanies 
the  reestablishment  of  homeostasis.  This 
surge  is  nearly  abolished  by  amiloride,  an 
inhibitor  of  the  exchange  system. 

Applications 

One  of  the  major  driving  forces  leading  to 
the  construction  of  the  microphysiometer 


was  the  possibility  of  observing  functioni|| 
ligand  receptor  interactions  by  the  monitoi 
ing  of  cellular  metabolic  rates.  We  hav« 
now  demonstrated  substantial  cellular  met 
abolic  consequences  that  are  the  result 
the  triggering  of  a  wide  variety  of  receptor 
(Table  2).  In  the  vast  majority  of  ligaiul 
receptor  combinations  tested  to  date,  hinc- 
tional  receptor  agonist  interactions  result  in 
an  increase  in  cellular  acidification  rates. 
There  are  some  cases,  however,  where  the 
opposite  is  true  (6). 


Table  2.  Representative  receptors  for  which  acidification  responses  to  triggering  have  been 
demonstrated  In  the  microphysiometer.  The  table  indicates  the  receptor,  the  superfamily  to  which 
the  receptor  belongs  and  the  second  messenger  pathway  activated  by  the  receptor,  whether  the 
response  was  derived  from  receptors  native  to  the  cells  or  whether  the  response  was  derived  from 
receptors  transfected  into  the  cells,  and  citations  for  the  data.  N.D.,  not  done. 


Receptor 

Superfamily,  pathway 

Na¬ 

tive 

Trans¬ 

fected 

Refer¬ 

ence 

ml  Muscarinic  acetylcholine 

G  protein,  inositol  phosphate 

N.D. 

Yes 

{11) 

Muscarinic,  subtype  unknown 

G  protein 

Yes 

N.D. 

{18) 

02-Adrenergic 

G  protein,  increasing  cAMP 

N.D. 

Yes 

{11) 

Prostaglandin  E 

G  protein,  increasing  cAMP 

Yes 

N.D. 

{19) 

Dopamine  D1 

G  protein,  increasing  cAMP 

No 

Yes 

{20) 

Dopamine  D2 

G  protein,  decreasing  cAMP 

No 

Yes 

{20,  21) 

Glutamate  (kainate) 

Excitatory  amino  acid,  ion 
channel 

Yes 

N.D. 

{15) 

Insulin,  insulin-like  growth 
factor 

Growth  factor,  tyrosine  kinase 

Yes 

N.D. 

{22) 

Epidermal  growth  factor 

Growth  factor,  tyrosine  kinase 

Yes 

Yes 

{3,  11,  14) 

y-lnterferon 

Hematopoietin 

Yes 

N.D. 

{23) 

■nterleukin-2 

Hematopoletin 

Yes 

N.D. 

{14) 

’lnterleukin-4 

Hematopoietin 

Yes 

N.D. 

{23) 

GM-CSF 

Hematopoietin 

Yes 

N.D. 

(8) 

Tcell 

T  cell  receptor 

Yes 

N.D. 

{14) 

Rg,  4.  Mechanisms  of  extra- 

A 

E 

cellular  acidification.  CHO-K1 
cells  were  maintained  in  the 
microphysiometer  in  balanced 
salts  plus  the  indicated  car¬ 
bon  source.  (A)  Dependence 
of  acidification  rate  on  the  car¬ 
bon  source.  The  replacement 
of  10  mM  glucose  by  10  mM 
pyruvate  causes  a  rapid  re¬ 
duction  in  the  acidification 
rate,  which  is  rapidly  revers¬ 
ible.  These  cells  can  use  pyru¬ 
vate  as  an  energy  source;  the 
addition  of  pyruvate  to  glu¬ 
cose-containing  medium  also 

causes  a  significant  decrease  in  the  acidification  rate.  Complete  elimination  of  the  carbon 
source  causes  a  similar,  though  slightly  larger,  reduction;  the  remaining  acidification  results 
from  the  metabolism  of  endogenous  energy  stores.  Replacement  of  the  glucose  with  10  mM 
2-deoxyglucose  (2DG).  an  inhibitor  of  glycolysis,  decreases  the  acidification  rate  to  about  the 
same  level  as  that  with  no  glucose  at  all.  which  suggests  that  the  remaining  endogenous 
metabolism  is  not  strongly  glycolytic.  When  2DG  is  replaced  by  glucose,  the  acidification  rate 
recovers  slowly.  Presumably,  this  is  a  result  of  the  slow  removal  of  membrane-impermeable 
2DG-6-phosphate  from  the  cells.  (B)  Weak  acid  translocation.  At  the  indicated  times  (gray 
shading),  20  mM  oxamate  was  added  and  removed;  this  causes  transient  alkalinization  and 
Acidification.  The  cells  were  maintained  on  balanced  salts  plus  5  mM  pyruvate  throughout  the 
■xperiment.  (C)  Na-'-H'^  antiporter  activity.  Initially,  cells  were  bathed  in  balanced  salts  that 
detained  choline  (130  mM)  instead  of  Na-".  At  time  t  =  0.  the  choline  solution  was  replaced 
by  norma!  balanced  salts,  which  caused  a  large  pulse  of  extracellular  acidification  in  the  cell 
chamber  (denoted  by  closed  circles).  In  a  parallel  experiment  where  100  p-M  amiloride  was 
present  throughout  (open  circles),  this  pulse  was  suppressed  (17). 
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^r>  Bodi  the  magnitude  and  die  Idnedcs  of  the 
toponse  depend  on  a  variety  of  factors,  in¬ 
cluding  the  type  of  receptor,  the  type  of  cell  in 
which  the  receptor  resides,  the  concentration 
of  agonist,  and  the  pretreatment  of  the  cells 
before  the  introduction  of  agonist  (7).  Varia¬ 
tions  in  the  amplitude  and  kinetics  of  the 
cellular  response  as  a  function  of  different 
concentrations  of  granulocyte-macrop^ge 
colony-stimulating  factor  (GM-CSF)  are  illus¬ 
trated  in  Fig.  5A.  This  response  profile  is 
typical  of  those  receptors  that  affect  cell  pro¬ 
liferation.  Low  concentrations  of  agonist  re¬ 
sult  in  a  gradual  low-amplitude  increase  in 
acidification  rate.  As  the  agonist  concentra¬ 
tion  is  increased,  the  acidification  amplitude 
increases  and  the  time  to  reach  the  point  of 
maximum  acidification  decreases.  For  the 
GM-(2SF  receptor,  this  response  has  been 
resolved  into  two  components  (8).  The  rapid 
component  is  a  result  of  the  activation  of  the 
Na'^-H'^  antiporter,  and  the  slower  is  a  result 
of  the  stimulation  of  glycolysis  (9) . 

The  diversity  of  responses  obtained 
when  different  receptors  are  triggered  is 
illustrated  in  Fig.  5B.  The  muscarinic  ace¬ 
tylcholine  (carbachol)  response  has  a  very 
rapid,  transient  component,  and  the  maxi¬ 
mum  acidification  rate  is  reached  about  30  s 
after  introduction  of  the  agonist.  The  re¬ 
sponse  decays  rapidly  thereafter,  reaching  a 
new  plateau  within  a  few  minutes.  In  con¬ 
trast,  the  response  to  nerve  growth  factor 
(NGF)  reaches  a  maximum  in  a  time  that  is 
approximately  an  order  of  magnitude  longer 
and  remains  elevated  for  an  extended  peri- 
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od,  A  similar  response  rise  time  is  observed 
for  GM-CSF,  but  this  response  decays 
somewhat  even  in  the  continued  presence 
of  cytokine. 


One  task  in  the  evaluation  of  potential 
pharmaceutical  compounds  is  the  determi¬ 
nation  of  the  efficacious  concentration  of 
the  compound  of  interest.  For  receptor 


Fig.  5.  Diversity  of  receptor  respons¬ 
es  to  receptor  activation.  (A)  Re¬ 
sponse  versus  ligand  concentration. 
Cells  from  the  human  bone  marrow 
cell  line,  TF-1.  were  loaded  in  four 
microphysiometer  chambers.  The  cy¬ 
tokine  GM-CSF  was  added  to  a  final 
concentration  of  0  ng/ml  (open  cir¬ 
cles).  0.1  ng/ml  (closed  squares),  1 
ng/ml  (open  squares),  or  10  ng/ml 
(closed  circles)  during  the  period  in¬ 
dicated  by  the  shaded  region.  The 
acidification  rates  were  ail  normal¬ 
ized  to  the  average  rate  before  the 
addition  of  cytokine.  (B)  Response 
characteristics  of  different  receptors. 
The  response  of  TE-671  rhabdomyo¬ 
sarcoma  cells  to  1  mM  carbachol  is 
rapid  and  multiphasic,  and  the  mul- 
tiphasic  character  of  the  response  is 
reproducible.  The  responses  of  the 
PC-12  cells  to  NGF  (100  ng/ml)  and 
the  response  of  TF-1  cells  to  GM-CSF 
(10  ng/ml)  are  an  order  of  magnitude 
slower.  The  latter  two  responses  dif¬ 
fer  in  that  the  response  to  NGF  is 
constant  during  a  30-min  period 
whereas  the  response  to  GM-CSF 
decays  to  about  40%  of  maximum  in 
a  30-min  period. 
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Fig.  6.  Carbachol  dose-response  of 
CHO  cells  transfected  with  an  ml 
muscarinic  acetylcholine  receptor. 

(A)  Extracellular  acidification  for  se¬ 
quential  additions  of  increasing  con¬ 
centrations  of  carbachol.  The  trans¬ 
fected  CHO  cells  were  placed  in  the 
microphysiometer,  and  acidification 
rates  were  monitored  every  2.5  min. 
Carbachol  was  introduced  to  the 
cells  at  the  concentrations  Indicated 
in  the  figure  for  one  measurement 
cycle  per  concentration  (gray  bars). 

(B)  Amplitude  of  peak  response  ver¬ 
sus  carbachol  concentration.  The  dif¬ 
ference  between  acidification  rate  in 
the  presence  of  carbachol  and  that 
immediately  before  each  addition  of 
carbachol  was  calculated,  normal¬ 
ized  to  100%  for  the  largest  re¬ 
sponse.  and  plotted  as  a  function  of 
carbachol  concentration. 
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ligands,  this  is  typically  done  with  the 
introduction  of  the  ligand  to  the  cells  at 
various  concentrations  and  the  measure¬ 
ment  of  the  subsequent  cellular  response  by 
biochemical  assays  for  intermediates  of  sec¬ 
ond  messenger  pathways  known  to  be  acti¬ 
vated  by  the  receptor  of  interest.  These 
experiments  result  in  a  dose-response  curve 
that  yields  a  characteristic  concentration  at 
which  50%  of  the  maximal  response  is 
obtained  (ECjq).  Analogous  experiments 
can  be  carried  out  in  the  microphysiometer. 
An  example  of  the  generation  of  a  dose- 
response  curve  for  a  receptor  agonist  pair  is 
given  in  Fig.  6.  Here,  the  receptor  is  the  rat 
ml  muscarinic  acetylcholine  receptor  and 
the  agonist  is  the  nonhydrolyzable  acetyl¬ 
choline  analog  carbamylcholine  (carba¬ 
chol).  The  EC50  value  for  carbachol  de¬ 
rived  from  this  experiment  is  -^2  jjlM, 
which  is  in  good  agreement  with  the  value 
of  p-M  obtained  by  measurement  of  the 
phosphatidyl  inositol  hydrolysis  as  a  func¬ 
tion  of  carbachol  concentration  in  the  same 
cell  line  (iO).  We  have  previously  reported 
the  EC5Q  determined  on  the  microphysiom¬ 
eter  for  triggering  P-adrenergic  receptors 
with  isoproterenol  (ll).  This  value  also 
compares  favorably  with  values  obtained 
with  the  use  of  adenosine  3 ',5 '-monophos¬ 
phate  (cAMP)  measurements  for  the  same 
receptor-ligand  combination. 

Because  the  acetylcholine  receptor  de¬ 
sensitizes  with  continued  exposure  to  an 
agonist,  it  is  necessary  to  limit  exposure  of 
the  cells  to  the  minimum  time  required  to 
obtain  a  response  if  the  same  chamber  of 
cells  is  to  be  used  in  order  to  generate  the 
entire  dose-response  curve.  An  alternative 
approach  is  to  place  the  cells  in  a  set  of 
chambers  in  parallel  and  expose  them  in 
each  chamber  to  a  different  concentration 
of  agonist.  Although  this  approach  is  less 
efficient  with  regard  to  throughput,  it  is 
necessary  for  some  receptor  types.  In  the 
case  of  many  of  the  growth  factor  receptors 
we  have  examined,  the  elevated  metabolic 
response  to  a  short  bolus  of  growth  factor 
may  last  for  more  than  1  hour  (Figs.  5 A  and 
7B) .  Under  these  conditions,  the  genera¬ 
tion  of  dose-response  curves  by  sequential 
addition  of  agonist  to  the  same  chamber  of 
cells  becomes  impractical. 

Figure  7  illustrates  experiments  designed 
to  investigate  second  messenger  pathways 
with  the  microphysiometer.  Genistein  in¬ 
hibits  tyrosine  kinase  activity.  This  effect  is 
illustrated  in  Fig,  7A,  where  acidification 
that  is  the  result  of  the  triggering  of  the 
NGF  receptor  is  inhibited  by  about  35% 
by  typical  inhibitory  concentrations  of 
genistein.  The  experiment  illustrated  iijl 
Fig.  7B  was  designed  to  determine  which  on 
several  isoforms  of  protein  kinase  C  is  in¬ 
volved  in  the  second  messenger  pathway 
triggered  by  GM-CSF  receptors.  Synthetic 
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antisense  DNA  specific  for  the  e  isoform 
(and  not  the  a  isoform)  was  found  to 
inhibit  significantly  the  acidification  re* 
ponse.  The  antisense  treatment  was  dem¬ 
onstrated  to  diminish  specifically  the  levels 
of  the  appropriate  isoform  by  protein  immu- 
noblot  analysis  with  isoform-specific  anti¬ 
bodies  (12). 

Infection  of  cells  with  viruses  often  leads 


to  major  changes  in  cellular  metabolism 
and  eventually  cell  death.  These  metabolic 
changes  can  be  monitored  continuously  in 
the  microphysiometer.  Figure  8A  shows  the 
effect  of  vesicular  stomatitis  virus  (VSV) 
infection  on  the  acidification  rates  of  mouse 
fibroblasts  (L  cells) .  The  control  cells  show 
a  constant  increase  in  acidification  rate 
during  the  course  of  the  experiment  as  a 
result  of  their  normal  rate  of  proliferation  in 
the  cell  chamber.  The  addition  of  high 
concentrations  of  virus  (ten  plaque-forming 
units  per  L  cell,  or  a  multiplicity  of  infec¬ 
tion  (MOI)  of  10)  results  in  a  decrease  in 
the  normal  proliferative  rate  that  can  be 
seen  in  the  first  few  hours.  This  is  followed 
by  a  precipitous  decline  in  acidification  rate 
at  hours  after  infection.  As  the  effective 
dose  of  virus  is  decreased,  the  early  effects 
on  metabolic  rate  are  decreased,  and  the 
time  after  infection  at  which  the  precipi¬ 
tous  drop  in  acidification  rate  occurs  is 
increasingly  longer.  The  latter  effect  reflects 
^e  need  for  the  virus  to  go  through  more 
Ireplication  cycles  in  order  to  infect  the 
majority  of  the  cells. 

In  contrast  to  the  kinetics  of  VSV  infec¬ 
tion,  the  effect  of  human  immunodeficiency 
virus- 1  (HIV-1)  infection  on  the  acidifica¬ 
tion  rate  of  CD4-transfected  HeLa  cells 
does  not  become  apparent  until  several  days 
after  infection.  Figure  8B  shows  the  effect  of 
administration  of  various  concentrations  of 
AZT  (azidothymidine)  on  HIV-l-infected 
HeLa  cells.  The  data  are  presented  as  the 
ratio  of  the  acidification  rates  of  infected 
cells  to  the  acidification  rates  of  uninfected 
cells.  This  is  done  to  simplify  the  plot 
because  the  acidification  rate  of  the  unin¬ 
fected  cells  increases  over  the  6-day  period 
because  of  significant  cell  growth  in  the 
flow  chambers.  Microscopic  examination  of 
the  infected  cells  removed  from  the  cell 
chamber  with  no  AZT  on  day  5  showed 
significant  cytopathology,  including  the 
formation  of  syncytia  that  stained  positive 
with  antibodies  to  HIV  (13).  The  general 
high  sensitivity  of  acidification  rate  to  cell 
physiology  suggests  that  the  microphysiom¬ 
eter  may  be  used  to  screen  for  antiviral 
agents. 


Conclusion 


In  general,  robust  acidification  responses 
are  observed  for  two  large  classes  ot  recep¬ 
tors:  the  family  of  receptors  with  seven 


transmembrane  helices  (seven-helix)  and 
the  tyrosine  kinase  receptor  family.  Mem¬ 
bers  of  the  seven-helix  family  studied  in¬ 


clude  the  P2"2idrenergic  receptor  and  the 
ml  muscarinic  acetylcholine  receptor.  The 
triggering  of  the  ^-adrenergic  receptor  by 


Fig.  7.  Modulating  second  messen¬ 
ger  pathways.  (A)  Effect  of  inhibiting 
tyrosine  kinase  activity  on  acidifica¬ 
tion  response  to  NGF.  PC-12  neuro¬ 
blastoma  cells  were  placed  in  two 
microphysiometer  chambers.  The 
medium  that  supplied  the  cells  con¬ 
tained  no  additions  (closed  circles) 
or  genistein  (25  ^.g/ml)  (open  cir¬ 
cles).  NGF  (100  ng/ml)  was  added  at 
t  =  0.  (B)  Effect  of  Inhibition  of  pro¬ 
tein  kinase  Ce  (PKCe)  activity  on  the 
acidification  response  to  GM-CSF. 
TF-1  cells  were  maintained  in  culture 
for  9  days  In  the  presence  (closed 
circles)  or  absence  (open  circles)  of 
15  ^l.M  PKCe-antisense  oligonucleo¬ 
tide.  Cells  were  placed  in  the  micro¬ 
physiometer  and  triggered  with  GM- 
CSF  (5  ng/ml)  at  /  =  0. 


B 


Fig.  8.  Detection  of  viral  cytopathol¬ 
ogy  by  the  microphysiometer.  (A)  Ef¬ 
fect  of  virus  concentration.  Mouse 
929  L  cells  were  incubated  with  the 
Indiana  strain  of  VSV  at  an  MOI  of  0 
(control),  0.1,  1.  or  10  for  30  min  at 
5°C  beginning  at  f  =  0.  The  acidifi¬ 
cation  rate  of  the  cells  was  monitored 
in  the  microphysiometer  at  37®C.  (B) 
AZT  inhibition  of  HIV-1  cytopathol¬ 
ogy.  CD4-transfected  HeLa  cells 
were  incubated  with  HIV-1  at  an  MOI 
of  1  for  1  hour  at  37°C.  The  cells  were 
then  placed  in  the  microphysiometer, 
and  acidification  rates  were  moni¬ 
tored  for  6  days  in  four  parallel  cham¬ 
bers.  The  medium  that  flowed 
through  the  chambers  contained  AZT 
at  the  concentrations  indicated  In  the 
figure.  Acidification  rates  In  (B)  are 
presented  as  the  ratio  of  the  acidifi¬ 
cation  rates  of  infected  cells  to  those 
of  uninfected  cells. 
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epinephrine  brings  about  a  biochemical  cas¬ 
cade  that  involves  G  proteins,  adenylate 
cyclase,  and  protein  kinase.  The  ml  mus¬ 
carinic  acetylcholine  receptor  also  uses  a  G 
protein  but  stimulates  phosphatidyl  inositol 
hydrolysis  and  changes  in  conductance 
and  can  decrease  cAMP  levels.  In  view  of 
the  extensive  biochemical  changes  that  ac¬ 
company  agonist  binding  to  these  seven- 
helix  receptors,  it  is  perhaps  not  surprising 
that  enhanced  acidification  is  observed.  We 
anticipate  that  large  acidification  rate  en¬ 
hancements  will  be  observed  for  the  major¬ 
ity  of  seven-helix  receptors. 

Robust  acidification  responses  are  also 
observed  for  tyrosine  kinase  receptors.  Lig¬ 
ands  for  these  receptors  that  result  in  such 
enhancements  of  acidification  rates  include 
insulin,  epidermal  growth  factor,  NGF, 
acidic  fibroblast  growth  factor,  GM-CSF, 
transforming  growth  factor-a,  and  com¬ 
plexes  between  major  histocompatibility 
complex  protein  and  peptide  (14)«  The 
triggering  of  these  receptors  also  leads  to 
cascades  of  cellular  biochemical  events.  In 
terms  of  monitoring  the  triggering  of  seven- 
helix  receptors  and  tyrosine  kinase  recep¬ 
tors  as  well  as  screening  for  new  receptor 
agonists,  the  microphysiometer  appears  to 
offer  an  efficient,  convenient  approach. 
The  percentage  increase  in  acidification 
rate  that  is  the  result  of  the  triggering  of 
many  of  these  receptors  is  particularly  large 
in  the  presence  of  glucose,  which  suggests  a 
close  linkage  between  receptor  triggering 
and  glycolysis  (8). 

A  third  category  of  receptors  is  the 
ligand-gated  ion  channels;  examples  in¬ 
clude  the  nicotinic  acetylcholine  receptor 
and  various  glutamate  receptors.  The  trig¬ 
gering  of  nicotinic  acetylcholine  receptors 
has  not  yet  been  detected  with  the  Cy- 
tosensor;  order-of-magnitude  estimates  of 
the  ATP  consumption  required  to  pump 
out  Na'^  ions  after  the  triggering  of  this 
rapidly  desensitizing  receptor  suggest  that 
the  resulting  acidification  may  be  close  to 
the  detection  limit.  There  are  a  number  of 
distinct  glutamate  receptors,  as  defined  by 
the  actions  of  various  agonists.  The  trig¬ 
gering  of  the  kainate  (glutamate)  receptor 
in  fetal  rat  hippocampal  neurons  gives 
large  responses  in  the  microphysiometer 

(15). 

The  Cytosensor  can  be  used  to  detect  and 
analyze  the  triggering  of  a  wide  variety  of 
plasma  membrane  receptors.  It  is  thus  of 
interest  to  consider  possible  applications  of 
this  instrumentation  in  basic  research  and  in 


biotechnology.  At  present,  it  appears  that 
the  Cytosensor  is  ideal  for  screening  for 
ligands  of  orphan  receptors.  Orphan  recep¬ 
tors  are  putative  receptors  for  which  the 
specific  ligands  are  not  known.  The 
adrenergic  receptor  may  be  an  example  of  an 
orphan  receptor  of  the  seven-helix  type. 
Many  oncogene  tyrosine  kinases  form  a  large 
class  of  orphan  receptors;  an  example  of  a 
recently  identified  ligand  of  a  tyrosine  kinase 
receptor  is  heregulin,  an  activator  of 
pl85^B2  (]6).  It  is  likely  that  the  sequenc¬ 
ing  of  the  human  genome  will  uncover  a 
large  number  of  orphan  receptors.  Toward 
the  discovery  of  the  receptor  ligands,  it  will 
be  convenient  to  compare  the  responses  of 
receptor-positive  and  otherwise  identical  re¬ 
ceptor-negative  cells  (]  i).  It  should  be  pos¬ 
sible  to  carry  out  such  experiments  with 
receptor-positive  cells  that  have  transient 
receptor  transfections  because  the  Cytosen¬ 
sor  permits  rapid  bioassays  to  be  made  during 
the  lifetime  of  the  transfection.  In  some 
cases,  the  choice  of  the  receptor-negative 
cell  should  be  straightforward,  but  in  other 
cases  cotransfection  of  membrane-associated 
proteins,  such  as  products  of  oncogenes,  may 
be  necessary. 

Given  a  source  of  potential  orphan  re¬ 
ceptor  ligands,  such  as  cell  culture  superna¬ 
tants,  the  Cytosensor  appears  to  have  ad¬ 
vantages  over  other  instruments  and  meth¬ 
ods  for  screening  for  these  ligands.  A  con¬ 
ventional  procedure  for  the  discovery  of 
new  agonists  and  antagonists  involves  the 
displacement  of  radioactive  ligands  bound 
to  plasma  membrane  receptors.  This  ap¬ 
proach  is  obviously  inapplicable  in  this 
case.  Fluorometric  detection  of  Ca^”^  influx 
or  release  that  is  the  result  of  ligand-recep¬ 
tor  binding  will  miss  cell  triggering  events 
that  do  not  lead  to  changes  in  cytosolic 
Ca""^  concentration.  [For  example,  the 
triggering  of  TF-1  cells  by  GM-CSF  does 
not  lead  to  a  change  in  cytosolic  Ca^*^ 
concentration  (12).]  Changes  in  the  state 
of  membrane  protein  and  cytosolic  protein 
phosphorylation  could  undoubtedly  be  used 
to  detect  cell  triggering  by  receptor  ligands. 
However,  it  is  difficult  to  imagine  how  this 
method  could  be  used  for  large-scale  screen¬ 
ing  in  view  of  the  radioactivity  required  or 
the  associated  tedious  biochemical  assays, 
or  both.  Inconvenience  and  lack  of  appli¬ 
cability  for  large-scale  screening  also  apply 
to  measurements  of  transmembrane  poten¬ 
tials.  Microphysiometers  can  be  used  quite 
generally  to  detect  the  triggering  of  a  large 
number  of  plasma  r  mbrane  receptors  by 


specific  ligands.  This  technique  for  the 
detection  of  cell  triggering  may  have  broad 
applicability  in  biotechnology  and  basic^ 
research  in  cell  biology  and  may  be  particjl 
ularly  well  suited  to  screen  for  the  ligands  o  ™ 
orphan  receptors. 
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ABSTRACT  Activation  of  CD4+  T  cells  by  antigenic  pep¬ 
tide  involves  the  interaction  of  major  histocompatibility  com¬ 
plex  (MHC)  class  Il-peptide  complexes  on  the  surface  of 
antigen-presenting  cells  (APCs)  with  T-cell  receptors.  This 
report  describes  the  kinetics  of  T-cell  triggering  by  exogenous 
antigenic  peptides  in  the  presence  of  APCs.  A  rapid  specific 
increase  in  extracellular  acidification  rate  is  observed  within 
minutes  upon  exposure  of  A.E7  T  cells  (restricted  for  lE*^  and 
moth  cytochrome  c  peptide  containing  residues  88-103)  and 
4R3.9  T  cells  {restricted  for  IA‘‘  and  myelin  basic  protein 
peptide  containing  residues  1-14  [AcMBP-(  1-14)1}  to  their 
cognate  peptides  in  the  presence  of  CH27  cells  bearing  both 
lA*^  and  lE*^  MHC  class  H  molecules.  Pretreatment  of  cloned 
T  cells,  but  not  APCs,  with  herbimycin  A  resulted  in  complete 
inhibition  of  triggering  events,  indicating  that  the  acidifica¬ 
tion  response  is  mediated  by  T-cell  second  messenger  path¬ 
ways.  This  rapid  assay  for  4R3.9  T-cell  stimulation  showed 
increased  T-cell  triggering  activity  for  AcMBP-{l-14)-A'*  and 
MBP-(  I-I4)-M**  peptides  compared  to  the  native  AcMBP-{l- 
14)-K'‘.  By  using  the  previously  determined  kinetic  constants 
for  MBP-(  l-Ml-A"*  reactions  with  IAS  it  is  possible  to  show 
that  at  the  lowest  peptide  concentrations  the  kinetics  of  T-cell 
triggering  are  limited  by  the  kinetics  of  the  peptide  binding  to 
MHC  class  H  molecules. 


The  specific  response  of  T-helper  (Tu)  lymphocytes  to  peptide 
antigens  normally  requires  the  participation  of  antigen- 
presenting  cells  (APCs)  bearing  class  II  molecules  of  the  major 
histocompatibility  complex  (MHC)  on  their  surfaces.  A  min¬ 
imal  requirement  forTu  triggering  is  that  a  molecular  complex 
(Mp)  of  peptide  (p)  and  the  class  II  molecule  (M)  form  a 
trimolecular  complex  with  the  T-cclI  receptor  (MpR).  These 
trimolecular  complexes  arc  localized  at  the  interface  of  T-cell 
and  A  PC  membranes.  There  is  substantial  interest  in  the 
physical  chemical  properties  of  the.se  complexes.  For  example, 
it  has  been  proposed  that  the  avidities  ot  class  II  molecule- 
peptide  complexes  for  the  T-cell  receptor  play  a  central  role  in 
positive  and  negative  selection  in  the  thymus  and  in  the 
periphery  (1).  Another  proposal  is  that  weak  binding  of 
antigenic  peptides  to  MHC  class  II  molecules  enables  autore¬ 
active  T  cells  to  escape  negative  selection  and,  thus,  correlates 
weak  binding  to  a  number  of  autoimmune  diseases  (2,  3). 

The  two  binding  reactions  can  be  repre.sented  schematically 
by  the  equilibria 

M  +  p^Mp.  [11 

Mp  -H  R  MpR.  [2] 


The  publication  costs  of  this  article  were  defrayed  in  part  by  page  charge 
payment.  This  article  must  therefore  be  hereby  marked  'UulvertLscment  in 
accordance  with  18  U.S.C.  §1734  solely  to  indicate  this  fact. 


The  equilibrium  (dissociation)  constants  K\  and  K2  are  then 
relevant  to  the  above  proposals. 

=  (M)(p)/(Mp).  [3] 

K2=={Mp)(R)/(MpR).  [4] 

In  the  present  work,  we  show  that  insight  into  the  role  of  these 
reactions  in  specific  Tn  triggering  is  achieved  through  mea¬ 
surements  of  this  triggering  at  short  times  and  low  peptide 
concentrations.  The  parameter  used  to  quantitate  the  early 
cellular  response  to  T-cell  triggering  in  the  presence  of  APCs 
and  antigenic  peptide  is  the  extracellular  acidification  rate  as 
measured  by  a  microphysiometer  (4-6).  Our  analysis  of  these 
results  requires  knowledge  of  the  in  vitro  rate  and  equilibrium 
constants  for  reaction  1,  which  have  been  reported  recently  for 
the  reaction  of  AcMBP-(  1-14)-A-^  (where  MBP  is  myelin  basic 
protein)  with  affinity-purified  lA^  in  detergent  (7).  This  work 
employs  a  kinetic  analysis  that  minimizes  problems  related  to 
the  presence  of  endogenous  peptides  in  MHC  cla.ss  II  prepa¬ 
rations  and  the  inactivation  of  empty  class  II  proteins.  Such 
factors  may  be  responsible  for  the  differences  reported  (8,  9) 
in  the  kinetics  of  peptide  binding  to  MHC  molecules  in  vitro 
and  on  cell  surfaces. 

MATERIALS  AND  METHODS 

Cell  Culture  and  Preparation.  lA^-restricted  4R3.9  cloned 
mouse  T  cells  (2.5  X  1(V'  cells)  specific  for  AcMBP-(l-14) 
peptide  were  cultured  in  RPMI  medium  1640  containing  \i)7r 
(vol/vo!)  fetal  bovine  serum  (HyClone)  in  the  presence  of 
0.75-8.0  X  10^  freshly  irradiated  A/J  splenocytes,  recombi¬ 
nant  human  interleukin  2  (IL-2;  Genzyme;  1  unil/ml),  26.6 
piM  AcMBP-(l-I4),  10  mM  Hepes,  and  50  fiM  2-mcrcapto- 
ethanol  in  a  final  volume  of  15  ml  for  10  day.s.  lE^-restricted 
A.E7  cells  were  stimulated  similarly  every  20  days  with  freshly 
irradiated  splenocytes  from  BIO. A  mice  and  pigeon  cyto¬ 
chrome  c  at  5  p.M.  Prior  to  use  in  experiments,  the  cells  were 
subjected  to  centrifugation  once  or  twice  in  \9%  (wt/vol) 
metrizamide  to  remove  residual  APCs,  washed  in  RPMI 
medium  1640,  and  resuspended  in  medium  containing  10% 
fetal  bovine  serum.  T  cells  were  used  for  experiments  10  days 
after  antigen  stimulation.  CH27  cells,  which  express  lA^  and 
lE*^  molecules,  were  cultured  in  RPMI  medium  1640  contain¬ 
ing  10%  fetal  bovine  serum  and  used  in  the  microphysiometer 
as  APCs.  Both  T  cells  and  APCs  were  cultured  in  low-scrum 
(2.5%  fetal  bovine  serum)  RPMI  medium  1640  overnight  prior 
to  microphysiometer  experiments. 


Abbreviations:  MHC.  major  histocompatibility  complex:  APC,  anti¬ 
gen-presenting  cell:  MCC.  moth  cytochrome  c:  MBP,  myelin  basic 
protein;  Tn.  t  helper:  %  MEA,  percent  mean  excess  acidification: 
ED5()%.  the  peptide  concentration  yielding  50%  maximum  stimula¬ 
tion:  IL-2.  interleukin  2. 

^To  whom  reprint  requests  should  be  addressed. 
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Synthesis  of  Peptides.  The  rat  MBP  peptide  AcMBP-(l- 
14)-K^  and  its  analogs  AcMBP-(l-14)-A'*  and  AcMBP-(l- 
14)-M'*  with  the  sequences  AC-ASQKRPSQRHGSKY-NH2, 
AC-ASOARPSQRHGSKY-NH2,  and  Ac-ASQMRPSQRHG- 
SKY-NH2,  respectively,  and  the  moth  cytochrome  c  peptide 
containing  residues  88—103  [MCC-(88-103)]  with  the  se¬ 
quence  ANERADLIAYLKOATK-CONH2  were  synthesized 
by  the  standard  solid-phase  method  with  side-chain-protected 
Fmoc  (A-9-fluorenyimethoxycarbonyl)  amino  acids  and  an 
Applied  Biosystems  431 A  automated  peptide  synthesizer.  The 
deprotected  crude  C-terminal  peptide  amides  were  purified  by 
reverse-phase  HPLC,  and  the  homogeneity  and  identity  of  the 
purified  peptides  were  confirmed  by  mass  spectroscopic  analy¬ 
sis,  . 

Measurement  of  T-Cell  Metabolic  Acidification  Rate.  T 
cells  were  combined  with  APCs  and  loaded  into  Cytosensor 
microphysiometer  cell  capsules  as  described  (6),  by  using 
low-melting-temperature  agarose  (Molecular  Devices)  to  im¬ 
mobilize  the  cells.  Briefly,  the  cells  were  rested  from  antigen 
stimulation  for  10  days  and  both  T  cells  and  APCs  were 
cultured  in  low-serum  medium  to  lower  their  basal  metabolic 
activity.  The  harvested  cells  were  counted  and  mixed  in 
serum-free  loading  medium  (low-buffering  RPMl  medium 
1640  containing  10  mM  Hepes  at  pH  7.3)  at  a  ratio  typically 
of  10  T  cells  to  I  APC,  The  suspended  cells  were  collected  by 
centrifugation  and  resuspended  at  1  x  10^  T  cells  per  7,5  p,l  of 
loading  medium.  Low-melting-temperature  agarose  (Molecu¬ 
lar  Devices),  melted  and  stored  at  37°C,  was  added  to  the 
suspended  cells  to  2.5  /xl  per  7.5  p.1  of  suspended  cells,  which 
were  also  held  at  37T.  The  agarose/cell  mixture  (10  p.1)  was 
immediately  spotted  into  the  center  of  the  cell  capsule  cups 
(Molecular  Devices)  held  in  a  12-well  culture  plate,  and  2  ml 
of  loading  medium  was  placed  in  the  well,  under  the  capsule 
cup.  After  5  min,  0.3  ml  of  loading  medium  was  placed  in  the 
capsule  cup  over  the  solidified  agarose  and  a  membrane  insert 
was  placed  over  the  cells.  The  assembled  cell  capsule  was 
loaded  in  the  Cytosensor  chamber  maintained  at  37°C  and 
perfused  at  50  fxl/min  with  low-buffering  RPMI  medium  1640 
containing  endotoxin-free  human  serum  albumin  (Miles)  at  I 
mg/ml  but  no  added  Hepes  or  bicarbonate.  Extracellular 
acidification  measurements  were  made  in  the  Cytosensor 
microphysiometer  (Molecular  Devices)  as  described  by  Mc¬ 
Connell  et  at  (5)  by  collecting  potcntiometric  measurements 
for  45  sec  every  2  min.  Acidification  rate  data  (/xV/sec)  were 
normalized  to  100%  prior  to  cell  .stimulation,  which  allows  for 
comparison  of  data  from  cells  in  separate  chambers. 


RESULTS 

Resting  mouse  T-cell  clones  were  immobilized  in  agarose  in 
the  presence  of  CH27  cells  as  APCs  and  exposed  to  peptides 
in  the  microphysiometer  chamber  to  monitor  their  extracel¬ 
lular  acidification  rate.  The  method  used  to  load  the  cells 
causes  the  close  association  of  T  cells  with  the  APCs  during  a 
centrifugation  step.  The  cells  tend  to  aggregate  at  this  step  and 
remain  in  small  clumps  after  resuspension,  as  observed  by  light 
microscopv.  When  exposed  to  their  cognate  peptide  MCC- 
(88-103)  at  100  Mg/ml  (55  /xM),  the  A.E7T  cells  were  strongly 
activated  resulting  in  an  immediate  increase  in  extracellular 
acidification  rate  peaking  at  155%  of  basal  rate  within  5  min 
(Fig.  l/l).The  same  cells  exposed  to  AcMBP-(l-14)-K‘*  at  100 
/xg/ml  (60  fxM)  did  not  increase  acidification  rates  signifi¬ 
cantly.  The  acidification  rate  increase  required  the  presence  of 
T  cells,  since  the  treatment  of  the  APCs  alone  with  the  MCC 
peptide  did  not  elicit  the  acidification  rate  increase.  4R3.9  T 
cells  gave  results  that  were  consistent  with  the  results  obtained 
with  A.E7  cells.  When  treated  with  AcMBP-(l-14)-K-^  at  100 
ixg/ml  the  4R3.9  cells  gave  a  weaker  increase,  peaking  at 
108%  of  basal  rate  within  10  min  of  exposure  to  peptide  (Fig. 
1 B).  The  weak  response  by  4R3.9  cells  was  shown  to  be  specific 
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Fig.  1.  Enhancement  of  T-cell  extracellular  acidification  by  spe¬ 
cific  peptides  in  the  presence  of  APCs.  Resting  T  cells  10  days  alter 
antigen  stimulation  and  APCs  were  incubated  overnight  in  low-serum 
medium  and  washed  in  serum-tree  low-butfering  medium.  T  cells  were 
mixed  with  APCs  (CH27  cells)  in  a  ratio  of  10  T  cells  to  1  APC. 
pelleted,  and  resuspended  in  low-melting-temperature  agarose  lor 
loading  into  Cytosensor  chambers.  T  cells  (1  x  10'’  cells)  were 
monitored  until  basal  acidification  rates  were  stable  and  rales  were 
normalized  to  100%  prior  to  exposure  to  peptides.  (/I)  At  the  time 
indicated  by  the  arrow.  A.E7  T  cells  were  exposed  for  15  min  to 
MCC-(S8-103)  at  100  (55  fiM)  (•),  AcMBP-(  1-I4)-K-*  at  100 

MU/ml  (bO  ixM)  (■).  or  medium  alone  (i  l).  A  control  chamber 
containing  only  APCs  was  exposed  to  MCC-(88~1()3)  (O).  (5)  4R3.0 
T  cells  (1  X  !(V’  cells)  were  monitored  until  basal  acidification  rates 
were  stable.  At  the  time  indicated  by  the  arrow,  cells  were  exposed  for 
15  min  to  AcMBP-(  1-14)-K'‘  at  10()  ^g/ml  (•)  or  MCC-(SH-103)  at 
100  /Ltg/ml  (■).  Control  chambers  containing  only  APCs  (O)  or  only 
4R3.9  T  cells  (□)  were  exposed  to  AcMBP-(  I-  !4)-K'*.  (C)  4R3.9  T cells 
prepared  as  described  in  B  were  exposed  to  AcMBP-(  l-Hi-A**  at  100 
^g/ml  (62  ^M)  (•)  or  medium  alone  (O), 


by  the  lack  of  response  to  MCC  peptide  at  100  fxg/ml.  Again, 
the  presence  of  both  4R3.9  T  cells  and  APCs  is  required  for  the 
acidification  response  to  cognate  peptide.  This  result  agrees 
with  our  measurements  of  lA^  by  flow  cytometry  that  indi¬ 
cated  no  staining  of  4R3-9  cells  by  anti-1  A^  (data  not  shown). 
When  4R3.9  cells  were  treated  with  an  analogue  of  the 
MBP-K-*  peptide  AcMBP-(l-14)-A*^  at  100  fxg/ml  (62  p,M),  the 
acidification  rate  increase  was  much  greater,  increasing  to 
180%  of  basal  rate  within  5  min  and  peaking  at  250%  after  20 
min  (Fig.  1C).  This  is  in  agreement  with  the  results  from 
peptide-driven  T-cell  proliferation  (2,  7)  and  the  recent  study 
of  detergent-solubilized  lA^^  binding  of  MBP  peptide  ana¬ 
logues  (7)  that  showed  a  marked  increase  in  binding  affinity  for 
the  A-*  analogue. 

The  effect  of  varying  the  ratio  of  T  cells  to  APCs  on  the 
T-cell  acidification  response  to  cognate  peptide  was  examined. 
In  Fig.  2A.  the  4R3.9  cellular  response  to  AcMBP-A*^  was 
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Fig.  2.  Effect  of  T-ccll/APC  ratio  on  cell  activation  by  peptides. 
4R3.9  T  cells  and  APCs  were  prepared  as  described  in  Fig.  1  and 
loaded  into  Cytosen.sor  chambers  for  acidification  rate  monitoring.  (A ) 
The  concentration  of  resting  4R3.9  T  cells  was  held  constant  at  1  x 
10'’  cells  and  the  A  PC  (CH27  cell)  numbers  were  varied — 1  x  10*' 
APCs{10;l)(G),  1  X  10-*  APCs  (100:  !)(■),  and  1  X  10^  APCs  ( 1000:1 ) 
(•).  A  control  chamber  containing  T  cells  and  1  x  KP  APCs  was 
exposed  to  medium  alone  (O).  T  cells  were  monitored  until  basal 
acidification  rates  were  stable,  and  rates  were  normalized  to  \{)i)^/r 
prior  to  exposure  to  peptides.  At  the  arrow,  cells  were  exposed  to 
AcMBP-(  1-14)-A-^  at  1  fig/ml  (0.02 /iM)  for  l.S  min,  and  the  cells  were 
monitored  for  enhanced  acidification  rale,  (li)  The  concentration  of 
resting  A.E7  T  cells  was  held  constant  ( 1  x  10“  cells)  and  the  A  PC 
(CH27  cell)  numbers  were  varied — I  x  lO"' APCs  ( 10: 1 )  (•),  I  x  10^ 
APCs  (1000:1)  (iJ),  and  I  x  10-  APCs  (1(),(M)0:!)  (■).  A  control 
chamber  containing  T  cells  and  1  x  10’' APCs  was  exposed  to  medium 
alone  (C).  At  the  arrow,  cells  were  expo.scd  to  MCC-(tS8-103)  at  1 
;xg/ml  (0.55  ^lM)  for  15  min,  and  the  cells  were  monitored  for 
enhanced  acidification  rale. 

measured  at  APC/T-ccIl  ratios  of  1:10.  1:100,  and  1:1000. 
When  the  APC/T-cell  ratio  was  1:10,  a  very  strong  and  rapid 
response  to  AcMBP-A*^  at  100  p.g/ml  (62  /xM)  was  observed, 
which  is  similar  to  the  response  shown  in  Fig.  1  C.  At  an 
APC/T-cell  ratio  of  1:100,  the  rate  of  increase  of  the  acidifi¬ 
cation  rate  was  slowed  but  the  magnitude  of  increase  was  not 
decreased.  This  may  be  in  part  due  to  an  increase  in  the 
component  of  the  acidification  rate,  which  is  contributed  by 
theTcells.  Finally,  at  an  APC/T-cell  ratio  of  1:1000,  there  was 
a  large  decrease  in  the  magnitude  of  the  peptide-induced 
increase  in  acidification  rate,  which  indicates  that  the  peptidc- 
lA*"  complex  is  limiting  at  this  dilution.  Similar  re.sults  were 
obtained  when  the  APC/T-cell  ratio  was  varied  by  using  A.E7 
T  cells  and  MCC  peptide  (Fig.  2B).  When  highly  purified  T 
cells  were  exposed  to  peptide  in  the  absence  of  added  APCs, 
as  determined  by  flow  cytometry  (data  not  shown),  no  detect¬ 
able  stimulation  in  acidification  rate  was  detected. 

By  using  a  constant  APC/T-cell  ratio,  it  was  possible  to 
titrate  the  peptide  concentration  required  to  activate  T  cells  in 
the  microphysiometer.  Fig.  3A  shows  how  A.E7  cells  respond 
to  MCC  peptide  at  10,  1,  0.1.  and  0  /xg/ml  by  presenting  a 
dose-response  curve.  The  peptide  concentration  correspond¬ 
ing  to  50%  maximum  stimulation  (ED50%)  for  this  dose- 
response  relationship  was  determined  by  interpolation  from  a 
plot  of  peptide  concentration  vs.  the  percent  mean  excess 
acidification  {%  MEA;  30  min)  to  be  30  nM  (Fig.  4A).  The  % 
MEA  is  the  average  acidification  rate  of  stimulated  cells  over 


Fig.  3.  Effect  of  peptide  concentration  on  the  acidification  re¬ 
sponse  of  T  cells.  Resting  T  cells  were  prepared  and  U>adcd  in 
Cytosensor  chambers  with  APCs  as  described  in  Fig.  1.  At  the  time 
indicated  by  the  arrows,  various  doses  of  peptide  were  pumped  onto 
the  cells  hn  15  min,  and  the  cells  were  monitored  for  acidification  rate 
changes.  The  acidification  rales  were  normalized  to  100%  prior  to 
exposure  to  peptides.  {A )  A.E7T  cells  were  exposed  to  MCC-(81-104) 
at  0.01  Atg/ml  (5.5  nM)  (•),  MCC  at  0.1  ^g/ml  (i  l),  MCC  at  1  ^g/ml 
(■).  or  medium  alone  (O).  (B)  4R3.9  T  cells  were  exposed  to 
AcMBP-(l-14)-A^  at  0.01  /ig/ml  (6.2  nM)  (!  J).  AcMBP-A**  at  0.1 
Mg/ml  (■).  AcMBP-A-^  at  1  ^g/ml  (•).  AcMBP-A''  at  10  ^xg/m!  (O), 
AcMBP-A-^  at  100  fjm/ml  (a),  or  medium  alone  ( — ).  (C)  4R3.9T  cells 
were  exposed  to  AcMBP-(  1-I4)-M-^  at  0,01  Mg/ml  (6  nM)  (■), 
AcMBP-M-*  at  0.1  /ig/ml  (O),  AcMBP-M-*  at  1  /xg/ml  (•),  or  medium 
alone  (iJ). 

a  3()-min  interval  minus  the  average  rate  for  unstimulated 
control  cells  and  has  been  used  to  quantitate  the  sustained 
acidification  rate  response  of  TF-1  hemopoietic  stem  cells  to 
granulocyte/macrophage  colony-stimulating  factor  (10).  It  is 
interesting  to  note  that  the  ED50%  for  the  acidification  rate 
response  of  A.E7  cells  correlates  very  closely  with  the  ED5()% 
for  lL-2  secretion  of  MCC-peptide-stimulated  A.E7  cells 
reported  by  Critchfield  et  ai  (W).  These  investigators  observed 
that  high  doses  of  MCC  peptide  caused  suppression  of  A.E7 
proliferation  but  did  not  suppress  IL-2  secretion,  which  pla- 
teaued  at  a  high  level  at  high  peptide  doses.  This  lack  of 
high-dose  suppression  was  observed  here  with  the  rapid  T-cell 
acidification  response  (Fig.  4 A).  Thus,  the  acidification  re¬ 
sponse  of  T  cells  corresponds  to  the  initial  signaling  events, 
which  lead  to  IL-2  secretion  and  do  not  necessarily  result  in  cell 
proliferation. 

Dose-response  data  were  generated  with  4R3.9  T  cells  and 
the  AcMBP-A*^  peptide  (Fig.  35).  The  response  of  4R3.9  cells 
to  the  AcMBP-A**  peptide  was  much  stronger  than  the  re¬ 
sponse  to  the  AcMBP-K*^  peptide,  the  native  sequence  but 
containing  Lys-4.  It  was  possible  to  interpolate  an  ED50% 
value  of  360  nM  from  a  linear  plot  of  peptide  concentration  vs. 
%  MEA  (30  min)  (Fig.  45).  The  lower  limit  of  detection  was 
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Fig.  4.  Quantitation  of  T-ccll  acidification  responses  to  peptide 
activation.  The  acidification  rate  increases  triggered  by  specific  pep¬ 
tides  were  quantitated  by  calculating  the  %  MEA  over  a  30-min 
interval  beginning  at  the  initial  time  of  exposure  to  peptide.  This  value 
is  defined  as  the  average  acidification  rate  of  stimulated  cells  over  a 
30-min  interval  minus  the  average  acidification  rate  of  unstimulated 
(control)  cells  over  the  same  3()-min  interval.  {A)  A.E7  T  cells  were 
exposed  to  MCC-(88-103)  at  5.5,  0.55,  0.055.  or  0.0055  fiM.  and  the 
%  MEA  was  determined.  The  ED50C;.  was  0.025  ^M,  (B)  4R3.9  T  cells 
were  exposed  to  AcMBP-(  UUl-A*^  at  02,  6.2,  0.62.  0.062.  or  0.(M)62 
/jlM  for  15  min,  and  the  MEA  was  determined  tor  each  of  these 
concentrations.  The  £050^^  was  0.45  /xM. 

6.2  nM  for  the  AcMBP-A**  peptide.  The  response  of  4R3.9  cells 
to  native  AcMBP-K*^  was  only  delectable  at  100  iig/n\\  (60 
fiM),  the  highest  concentration  tested,  and  it  was  not  possible 
to  determine  an  ED509^  for  this  peptide.  The  response  of 
4R3.y  cells  to  the  AcMBP-M-^  peptide  was  similar  to  the 
A.E7-ceil  response  to  MCC  peptide  in  dose-response  curves 
(Fig,  3C). 

Because  the  microphysiometcr  chambers  contain  two  pop¬ 
ulations  of  cells.  T  cells  and  A  PCs,  and  because  the  A  PCs 
(CH27  cells)  were  melabolically  very  active,  with  acidification 
rates  severalfold  higher  than  the  T  cells,  it  was  important  to 
determine  whether  the  increase  in  acidification  rate  reflected 
T-cell  or  A  PC  signaling  and  activation.  For  this  reason,  we 
examined  the  effect  of  inhibiting  the  signal  transduction  of  the 
T  cell  by  a  protein  tyrosine  kinase  inhibitor,  herbimycin  A  ( 12). 
As  shown  in  Fig.  5 A.  it  is  clear  that  pretreatment  of  4R3.9  T 
cells  with  herbimycin  completely  blocks  the  peptide-triggered 
increase  in  acidification  rate  in  the  presence  of  untreated 
APCs.  The  reciprocal  experiment  using  herbimycin-treated 
APCs  with  untreated  T  cells  shows  no  inhibition  of  peptide- 
triggered  acidification  rate  increase  (Fig.  5B).  Thus  T-cell 
signalinu  and  activation  are  required  for  the  acidification 
response  observed  here,  and  A  PC  signaling  through  tyrosine 
kinase  is  not  required.  It  is  possible  that  the  B-cell  metabolic 
activity  contributes  to  the  acidification  increase;  however,  this 
must  occur  as  a  consequence  of  T-cell  activation  rather  than 
as  an  independent  response  to  ligation  of  class  II  molecules. 

DISCUSSION 

We  have  reported  (6)  that  Tn-cell  activation  by  peptide 
complexed  with  a  purified  detergent-solubilized  MHC  class  II 
molecule  is  detectable  by  using  microphysiometry.  In  the 


10  20  30  40  50  60  70 


Time  (min) 

Fig.  5.  Pretreatment  of  T  cells  with  the  tyrosine  kinase  inhibitor 
herbimycin  A  inhibits  the  peptide-activated  acidification  response. 
The  effect  of  prcireatmeni  of  4R3.9  T  cells  or  APCs  (CH27  cells)  with 
herbimycin  A  was  examined.  Cells  were  cultured  overnight  in  complete 
RPMI  medium  1640  containing  2.5^7  fetal  bovine  serum  and  herbi¬ 
mycin  A  (0.5  Mg/ml).  Control  cells  were  mock-treated  in  low-serum 
medium.  (^1)  Herbimycin-treated  T  cells  (1  x  10'’  cells)  were  mixed 
with  1  X  lO"^  mock-treated  APCs  and  loaded  into  Cytosensor  cham¬ 
bers.  At  the  arrow,  AcMBP-(l-14)-A-‘  at  1  /ag/ml  (■)  or  medium  alone 
(□)  was  pumped  onto  the  herbimycin-treated  T  cells  for  15  min. 
Untreated  T  cells  were  also  mixed  with  untreated  APCs,  loaded,  and 
exposed  to  AcMBP-(  1-14)-A-*  (•)  or  medium  alone  (O).  (B)  In  the 
reciprocal  experiment,  herbimycin-treated  CH27  cells  (APCs)  were 
mixed  with  mock-trcaied  4R3.9  T  cells,  loaded  into  Cytosensor 
chambers,  and  exposed  to  AcMBP-(  1-14)-A'*  at  1  ^g/ml  (■)  or 
medium  alone  ([.*1),  Again,  untreated  T  cells  were  also  mixed  with 
untreated  APCs.  loaded,  and  exposed  to  AcMBP-(  l-14)-A‘*  (•)  or 
medium  alone  (O).  The  cells  were  monitored  for  acidification  rale 
responses,  and  the  acidification  rates  were  normalized  to  lOO'^  prior 
to  exposure  to  peptides. 

present  work,  we  have  found  that  this  technique  can  also  be 
used  to  study  the  early  triggering  of  Tm  cells  by  specific 
antigenic  peptides  in  the  presence  of  APCs.  This  has  enabled 
the  characterization  of  the  early  kinetics  of  Tn-cell  activation 
that  results  from  peptide  binding  to  class  II  molecules  and 
formation  of  the  ternary  complex  of  class  II  molecules,  pep¬ 
tide,  and  T-cell  receptor  on  the  cell  surfaces.  At  higher  peptide 
concentrations,  this  early  T-cell  triggering  is  observed  within 
1  or  2  min  after  the  introduction  of  specific  peptide,  and  thus, 
intracellular  events  involving  peptide  processing  are  not  sig¬ 
nificant.  As  discussed  in  Results,  the  enhanced  acidification 
observed  on  the  introduction  of  antigenic  peptide  is  due  to 
triggering  of  a  second  messenger  pathway  of  the  Tn  cells.  Of 
particular  interest  is  the  concentration  dependence  of  the 
triggering  of  the  4R3.9  Tn  cells  by  the  AcMBP-(  l-14)-A‘* 
peptide  in  the  presence  of  APCs  deploying  the  class  II  MHC 
molecules  lA*"  on  their  surfaces.  That  is,  the  equilibrium 
constant  and  reaction  kinetics  for  the  binding  of  AcMBP-A**  to 
lA^"  in  vitro  under  conditions  that  avoid  or  minimize  compli¬ 
cating  effects  due  to  dissociation  of  endogenous  peptides  and 
spontaneous  inactivation  of  empty  lA*^  molecules  have  been 
determined  (7).  Thus,  we  can  determine  whether  the  observed 
triggering  is  limited  by  reaction  1,  the  binding  of  AcMBP-A*^ 
to  lA*^, 

In  discussing  the  acidification  kinetics  in  Fig.  35,  we  make 
the  assumption  that  the  acidification  rate  at  time  t  and  peptide 
concentration  p  is  a  unique  function  of  /  =  /(/,  /?),  where  /  is 
the  fractional  occupation  of  the  lA*^  molecule  by  the  MBP- 
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( 1-14)-A‘*  peptide.  If  we  further  assume  that/does  not  depend 
significantly  on  reaction  2  involving  the  T-cell  receptor,  then 
/ can  be  calculated  from  the  kinetics  and  equilibrium  constant 
for  reaction  1.  as  reported  (7).  For  reaction  1,  kon  =  100 
l-M" ‘-sec-  ^off  =  3.3  X  10-*  sec" and  K\  =  3.3  /xM  (7).  The 
fractional  occupation  /  is  then. 

/(r,p)  =  /(^,  p){\  -  exp[-a'on  P  +  [5] 

To  test  this  model,  one  needs  to  compare  data  points  in  Fig, 
35  on  the  different  curves  for  fixed  values  for  the  acidification 
rates — i.e.,  for  points  such  that /c  =  /(^p)  =  p')  ” 

etc.  It  is  convenient  to  rewrite  Eq.  5  as  follows: 

l(fc<  P)  =  [- 1  P  +  /Cofr)]ln[  1  -  /c//(^,  p)]-  [61 

Here  t(f^,  p)  is  the  time  required  for  the  occupation  of  I A'‘  to 
reach  a  value  f  =  /c  when  the  peptide  concentration  is  p. 

At  the  lowest  peptide  concentration  in  Fig.  35, 6.2  nM,/(^,  6.2) 
^  2  X  10~-\  We  may  use  Eq.  6  to  determine  the  time  t  (2  X  10"\ 
62)  at  which  the  acidification  rate  for  the  62  pM  experiment 
should  equal  the  acidification  rate  maximum  for  the  6.2  nM 
experiment.  This  is  i(2  x  l()--\  62)  -  4.5  min;  it  will  be  seen  that 
this  is  remarkably  close  to  the  observed  time,  =«5  min.  A  similar 
calculation  for  the  time  t{2  x  10"^  620)  for  acidification  in  the 
620  nM  experiment  to  reach  the  maximum  acidification  rate 
shown  by  the  62  nM  experiment  is  also  «=5  min,  in  rough 
agreement  with  the  experiment,  as  can  be  seen  from  Fig.  35.  We 
do  not  expect  the  one-to-one  relation  between/and  acidification 
rate  to  hold  at  the  largest  values  of  /  and  acidification  rates. 
Comparisons  of  different  experiments  by  using  Eq.  6  do  show 
observed  and  calculated  limes  /(/^;,  p)  that  are  always  within  an 
order  of  magnitude  of  one  another.  Thus,  wc  conclude  that  the 
assumptions  leading  to  Eqs.  5  and  6  are  plausible.  In  particular, 
reaction  2  docs  not  drive  peptide  binding  to  be  much  stronger 
than  the  equilibrium  constant  K].  This  conclusion  is  consistent 
with  the  relatively  weak  reported  binding  of  MHC-peptide 
complexes  to  T-cell  receptors  (13-16).  It  is  also  clear  from  our 
results  that  the  kinetics  of  the  T-cell  (acidification)  response  is 
determined  by  the  kinetics  of  the  reaction  between  the  MBP- 
( 1_14)-A'*  peptide  and  lA^"  on  the  cell  surface,  particularly  at  the 
lower  peptide  concentrations. 

There  may  be  a  discrepancy  between  the  A.E7  T-cell 
response  to  the  MCC-(88-l()3)  peptide  given  in  Fig.  3  and  the 
rate  constant  reported  for  binding  of  this  peptide  to  purified 
lE^  3  1*M  ‘*sec  ‘  at  pH  7  ( 17).  In  Fig.  3/1  there  is  a  detectable 
T-cell  response  at  4  min  tor  MCC-(88-l03)  at  5.5  nM,  for 
which  we  estimate  that  an  upper  limit  to  the  fraction  occu¬ 
pancy  /  is  only  0.0004%.  This  corresponds  to  slightly  less  than 
one  lE^  molecule  occupied  if  there  are  50,000  lE^"  available 
molecules  on  the  surfaces  of  the  A  PCs.  The  origin  of  this 
discrepancy  is  not  known  but  may  be  due  to  the  presence  ot 
endoaenous  peptide  in  the  lE^  molecules  in  the  experiments  of 
Reay  e/  ai  (17).  which  would  give  an  artificially  low  kinetic 
binding  constant.  Of  course  there  should  be  a  Poisson  distri¬ 
bution  of  bound  peptides  that  may  contribute  to  cell  triggering, 
but  /  is  very  small  and  a  simple  calculation  shows  that  the 
number  of  cells  with  more  than  one  peptide  is  extremely  small. 


Another  possibility  is  that  reaction  2  does  enhance  peptide 
binding  to  lE*^. 

The  off-rate  constant  for  the  dissociation  of  MBP-(1-14)-A‘^ 
from  I  A*"  is  unusually  fast,  and  it  is  this  corresponding  lifetime 
that  dominates  the  acidification  kinetics  at  low  peptide  con¬ 
centration.  Most  known  peptide-class  II  MHC  dissociation 
rates  are  very  much  slower,  so  we  anticipate  the  possibility  of 
significant  differences  in  T-cell  triggering  at  low  peptide 
concentration  for  these  other  systems. 
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aSTRACt  Tt»  activallon  of  a  wide  range  of  celular  raoeptors  has  Been  cieMed  previousfy  u»g  a 

mel»  in  this  study  irtcrophysiomefiy  was  used  to  monitor  the  basal  and  cholnerac  stimJMM  ^  m  to-rK-TlSrse 

ttipho^tase  (ATPase)  (Ihe  Na'/K*  pump)  In  the  human  rhabdomyosarcoma  cel 

acWwrm  ouabain  or  rental  of  extracdMarK^rerrealed  that  this  ion  pump  was  responsible  fo.S.8±07Aollhe^ 

r»izaLb,thosecelts  as  monitored  by  tt«produc.ionofac.dmetabolites.  Actt.ati<molme,^^^^^ 

increased  the  aclditcalion  rate  abo«  baselne,  corresponding  to  increases  rn  inlr^lito  [Na  1  (I'T 

oft.  The  amplitude  of  this  transient  was  a  function  of  the  total  [  Na*  1  excuraon  ,n  the  a^ce  of 

on  the  duration  ol  pump  Inhititlon  and  the  Na*  tnllux  rate,  htanipulattoris  ot  the  mr^e  ot  T-f  "  "I'f 

the  carbon  substrate  and  use  of  metabolic  mwbltors  revealed  that,  untike  some  other  cels  ^  ^  Na^  ^^e  ^7t^ 

does  not  depend  on  any  one  mode  ot  metabolism  to  Its  adenosine  tnphowhale  so^.  SSmUation  ° 

cais  with  c^hol  activatod  the  Na*/K*  ATPase  via  an  inctease  m  [Na  1  rather  than  a  drect  activaticd  ot  the  ATPase. _ 


INTRODUCTION 

We  recently  have  found  that  the  activation  of  a  wide 
variety  of  cellular  receptors  promptly  leads  to  a  signifi¬ 
cant  increase  in  the  rate  at  which  cultured  cells  acidify 
their  environment  ( 1”4).  The  amplitude  and  kinetics  of 
the  effect  vary  with  the  receptor  and  cell  type  but  typi¬ 
cally  involve  a  10-100%  increase  in  acidification  rate 
within  seconds  to  minutes  after  the  application  of  ago¬ 
nist.  To  measure  extracellular  acidification  rates,  we 
have  used  the  microphysiometer.  an  instrument  that  ap¬ 
plies  contemporary  silicon  technology  to  quantitative 
cell  biology.  The  instrument  uses  a  potentiometric  semi¬ 
conductor-based  sensor  to  detect  pH  changes  adjacent  to 
cultured  cells  in  a  microvolume  flow  chamber. 

At  present,  our  understanding  of  the  receptor  pharma¬ 
cology  of  the  phenomena  is  greater  than  our  understand¬ 
ing  of  the  intracellular  mechanisms  that  couple  receptor 
activation  to  proton  flux.  The  primary  motivation  for 
the  present  study  was  to  gain  such  mechanistic  infoma- 
tion.  A  secondary  goal  was  to  determine  whether  micro¬ 
physiometry  could  be  a  useful  tool  for  cell-biology  stud¬ 
ies  involving  ion  pumps,  since  it  has  the  attractive  proper¬ 
ties  of  being  noninvasive  and  providing  data  in  real  time. 

What  is  known  about  how  receptor  activation  changes 
the  rate  of  extracellular  acidification?  In  some  cases,  re¬ 
ceptor  activation  increases  the  activity  of  the  Na'^/H'^ 
antiporter  system,  causing  a  transient  increase  in  extra¬ 
cellular  acidification  rate  and  concomitant  increase  in 
intracellular  pH  (5, 6).  However,  the  most  generally  im¬ 
portant  source  of  sustained  changes  in  extracellular  acidi¬ 
fication  rate  is  changes  in  the  rate  of  energy  metabolism. 
The  synthesis  and  subsequent  hydrolysis  of  adenosine 
triphosphate  (ATP)  produce  acid,  typically  in  the  form 
of  lactic  acid  and  C02»  This  statement  is  true  for  the 
carbon  sources  most  commonly  used  by  mammalian 
cells,  and  it  holds  for  both  glycolysis  and  oxidative  metab¬ 
olism.  Fora  review,  see  Owicki  and  Parce  (7). 


The  rate  of  energy  metabolism  might  somedmes  be 
increased  on  receptor  activation  by  a  direct  modification 
of  the  activity  of  key  regulatory  enzymes  involved  in  en¬ 
ergy  metabolism.  There  is  evidence  for  this  (6,  8).  The 
rate  also  might  be  raised  by  increases  in  the  rates  of  pro¬ 
cesses  that  consume  ATP.  In  this  article  we  examine  one 
such  process,  the  maintenance  of  the  Na*^  and  gra¬ 
dients  across  the  plasma  membrane  by  the  Na  /K 
ATPase,  also  called  the  Na‘'‘/K''^  pump.  This  pumf^ 
which  ejects  three  Na^  from  the  cell  and  imports  two 
at  the  cost  of  one  ATP  hydrolyzed,  is  a  major  sink  of  free 
energy  in  many  cell  types  ( see  the  review  by  Gausen  et 
al.  [9]). 

Using  a  muscle  tumor  cell  line  (the  rhabdomyo^r- 
coma  TE67 1 )  as  a  model  system,  we  first  show  that  it  is 
possible  to  use  the  microphysiometer  to  detect  the  activ¬ 
ity  of  the  Na'^/K'"  pump.  This  involves  examining  the 
coupling,  through  ATP  turnover,  between  the  intracellu¬ 
lar  sodium-ion  concentration  ([Na'’']i)  and  extracellular 
acidification.  Because  of  reports  that  in  some  cells  the 
Na'^/K'^  pump  is  preferentially  fueled  either  by  glycoly¬ 
sis  or  oxidative  respiration,  we  then  investigate  the  ef¬ 
fects  of  changes  in  the  mode  of  energy  metabolism  on 
pump  activity.  Next,  we  demonstrate  that  part  of  the 
increase  in  extracellular  acidification  rate  on  activation 
of  cholinergic  receptors  in  TE671  cells  is  due  to  in¬ 
creased  activity  of  the  Na'^/K'*’  pump.  Finally,  we  pre¬ 
sent  evidence  that  the  increased  pump  activity  results 
from  a  receptor-mediated  increase  in  [Na'^li  rather  than 
some  more  direct  regulation  of  the  pump  acti\ity. 

MATERIALS  AND  METHODS 

Materials 

Culture  medium  was  obtained  from  Irvine  Scientific  { Santa  Ana,  CA ) . 
The  Na*"  indicator  sodium-binding  benzofuran  isophthalate  (SBFI) 
acetoxymeihyl  ester,  as  well  as  Pluronic  F-127.  were  from  Molecular 
Probes  ( Eugene.  OR).  All  other  chemicals  were  obtained  from  Sigma 
(St.  Louis.  MO). 


Address  correspondence  to  John  C.  Owicki. 
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FIGURE  1  Cross-sectional  view  of  the  microphysiometer  chamber.  See 
text  in  Materials  and  Methods.  _ _ 


pH  unit  change  at  37°C).  There  are  three  electrical  connections:  to  the 
base  of  the  LAPS,  to  a  control  electrode  (the  conducting  surface  of  the 
cover  slip),  and  to  a  reference  electrode  downstream  from  the 
chamber.  There  is  negligible  direct  current  in  the  system.  The  surface 
potential  is  determined  only  at  regions  of  the  sensor  illuminated  by  a 
light  source  that  is  intensity  modulated  at  5  kHz,  and  so  the  sensor 
signal  is  carried  in  the  amplitude  of  a  weak  5  kHz  photocurrent.  Since 
the  illuminated  region  is  only  '-3  mm^,  data  were  obtained  from  a 
300-nl  portion  of  the  flow  chamber. 

The  flow  of  culture  medium,  as  well  as  selection  of  fluid  stream  and 
data  acquisition,  was  controlled  by  a  personal  computer.  Extracellular 
acidification  rates  were  determined  as  the  rate  of  change  of  sensor  out¬ 
put  during  periodic  interruptions  of  fluid  flow,  which  cause  transient 
acidifications  of  <0.1  pH  unit.  Generally  fluid  flow  alternated  off  and 
on  (100  ^1/min)  for  equal  15-s  periods.  One  microvolt  per  second 
corresponds  closely  to  an  acidification  rate  of  - 1  •  10"’  pH/min.  Re- 
sulu  are  reported  in  microvolts  per  second  or.  in  the  case  where  differ¬ 
ent  chambers  are  directly  compared,  as  normalized  acidification  rate. 
The  latter  takes  into  account  variations  in  acidification  rates  among 


A 


Cell  culture 

Cells  of  the  adherent  human  rhabdomyosarcoma  cell  line  TE67 1  were 
obuined  from  the  American  Type  Culture  Collection  ( Rockville,  MD; 
line  CRL8805).  Cells  were  cultivated  in  Dulbecco’s  modified  Eagle  s 
medium  supplemented  with  2  mM  glutamine,  10  mM  glucose,  10% 
horse  serum,  5%  fetal  calf  serum,  100  U/ml  penicillin,  100  Mg/ml 
streptomycin,  and  buffered  with  bicarbonate.  Cells  were  maintained  at 
37^  in  95%  air  /  5%  COj .  Cultures  were  plated  routinely  at  densities  of 
200 /mm^  in  T-75  flasks,  or  onto  either  12-mm-diameter  cover  slips 
coated  with  indium-tin  oxide  or  uncoated  25-mm-diameter  cover  slips, 
in  12-  or  6-well  tissue-culture  trays,  respectively.  The  oxide-coated 
cover  slips  were  used  in  the  microphysiometer,  and  there  were  no  appar¬ 
ent  differences  between  cells  grown  on  uncoated  or  oxide-covered 
cover  slips.  Cells  were  used  at  90-100%  confluence. 


Solutions 

Unless  otherwise  noted,  all  experiments  were  performed  in  the  follow¬ 
ing  medium,  compnsing  balanced  salts  plus  glucose  ( mM ):  NaCl,  1 38; 
KCl,  5:  MgClj.  0.5:  Na2HP04,  0.81;  NaH2P04, 0.1 1;  CaClj,  13;  and 
glucose,  10,  pH  7.4.  The  phosphate  concentration  in  this  solution  was 
low  to  make  the  buffer  capacity  low  and  thus  facilitate  measurement  of 
acidification  rates.  In  experiments  using  pyruvate  salts,  the  glucose  was 
replaced  by  10  mM  pyruvate  and  2  or  5  mM  2-deoxyglucose  (2-DG). 


The  microphysiometer 

As  shown  in  Fig.  I  and  described  in  more  detail  by  Parce  et  al.  ( 1 0 )  and 
McConnell  et  al.  (4),  the  microphysiometer  is  based  on  a  microflow 
chamber  in  which  cells  are  in  diffusive  contact  with  a  semiconductor- 
based  pH  sensor,  the  light-addressable  potentiomelric  sensor  (LAPS) 
(II)  In  this  version  of  the  instrument,  the  ceiling  of  the  flow  chamber 
was  a  glass  cover  slip  that  had  been  rendered  conductive  with  a  coating 
of  indium-tin  oxide,  to  which  cells  adhered.  The  sensor  formed  the 
floor  of  the  chamber.  The  dimensions  of  the  fluid  channel  were  100 
high  by  3.5  mm  wide  by  1 2  mm  long,  or  4  n\  in  volume.  Other  versions 
of  the  microphysiometer,  not  used  in  this  study,  use  flow  chambers  in 
which  the  cells  are  retained  between  two  microporous  polycarbonate 
membranes  rather  than  attached  to  cover  slips. 

The  LAPS  essentially  reports  a  surface  potential  at  the  electrolyte/ 
sensor  interface  that  depends  on  pH  in  a  Nemstian  fashion  ( 6 1  mV  per 


rguRE  2  Inhibiting  the  Na "/ ATPase  by  removing  extracellular 
changed  the  extracellular  acidification  rate.  (>4)  Removal  of  extra¬ 
cellular  K"*"  decreased  the  acidification  rate,  and  replacement  of  the  K 
after  10  min  caused  an  overshoot  that  decayed  to  the  original  basal 
acidification  rate.  (B)  Measurement  of  [Na'^li  verifi^  that  inhibiting 
the  Na^/K"^  ATPase  caused  the  accumulation  of  Na;^ .  The  kinetics  of 
decay  to  basal  [Na*  I  after  extracellular  was  replenished  were  simi¬ 
lar  to  those  for  the  return  to  basal  acidification  rate  in  A. _ 
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chambeis  resulting  from  differing  absolute  numbers  of  cells  in  those 
chambers. 

Intracellular  Na"^ 

TE671  cells  growing  on  25-mm  cover  slips  were  incubated  for  1  h  at 
yj°C  in  medium  augmented  with  10  mM  /V-2-hydroxyethylpi^ra- 
zine- A' -2-ethane  sulfonic  acid,  containing  4  mM  SBFl  mixed  before¬ 
hand  in  a  1:1  suspension  with  a  25%  wt/vol  solution  of  Pluromc 
F- 127 /dimethyl  sulfoxide.  The  cover  slip  was  then  transferred  to  a 
petri  dish  containing  fresh  medium  and  incubated  for  another  30  min 

to  allow  complete  de-esterification  of  the  dye. 

The  cover  slip  was  then  transferred  to  a  thermostatically  controlled 
(37°C)  closed  perfusion  chamber  with  a  fluid  flow  path  100  »ttn  m 
height  by  3.4  ram  across,  and  perfused  at  a  rate  of  50  >il/min.  A  switch¬ 
ing  valve  placed  before  the  chamber  allowed  changeover  of  soluuon  in 
the  chamber  vrithin  30  s.  The  geometry  of  the  chamber,  the  mean  flow 
rate,  and  the  perfusate  solutions  were  essentially  identical  to  those  of 
the  microphysiometer  chamber.  The  chamber  was  plac^  on  the  ^ge 
of  an  inverted  microscope  (Diaphot;  Nikon  Inc.,  Melville,  NY)  for 

viewing  and  fluorescence  measurements.  . 

Fluorescence  was  measured  in  a  Photon  Technology  Inc.  (model 
4000;  Deltascan,  South  Brunswick,  NJ )  dual-excitation  spectrofluoro- 
meter.  The  excitation  monochromators  were  set  at  350  and  3S5  nm 
(bandwidth  of  I  nm),  and  the  fluorescence  was  measured  at  510  nm 
(bandwidth  20  nm)  as  the  ratio  of  the  intensities  resulting  from  exata- 
tion  at  350  and  385  nm.  Calibrations  were  usually  performed  at  the  end 
of  each  experiment,  except  where  dye  loss  made  calibration  imiw^ible. 
Calibrations  were  performed  using  the  high-K'"  technique  of  Negu- 
lescu  et  al.  ( 1 2 ) ,  with  calibration  salts  of 0, 20, 30, 50.  and  occasionally 
100  mM  Na*  containing*  10  nM  gramicidin  D,  We  have  made  no 
corrections  for  nonideality  or  for  buffering  of  [Na^i  by  the  fluoro- 
phore:  neither  should  be  an  important  effect,  and  so  Na  levels  are 
reported  as  concentrations.  Backgrounds  were  initially  determined  by 
fluorescence  measurements  of  unloaded  cells,  and  in  later  expenments 
simplv  by  removal  of  the  experimenul  cells  within  the  chamber  via  fast 
perfusion  with  distilled  water  (there  was  no  significant  cell  autofluores- 

The  field  measured  typically  contained  - 100  cells.  Thus,  the  signal 
measured  was  an  average  response  of  all  the  cells  in  the  field,  as  for  the 
microphysiometer  measurements. 


RESULTS  AND  DISCUSSION 

Effects  of  K-free  solutions  and  ouabain 

TE67 1  cells  were  placed  in  the  microphysiometer  and 
perfused  with  medium.  When  the  solution  bathing  the 
cells  was  switched  to  K'^-free  medium  to  inhibit  the 
Na"’/K"‘  adenosine  triphosphatase  (ATPase),  the  acidi¬ 
fication  rates  of  the  cells  dropped  quickly  (<30  s)  by 
8.8  ±  0.7%  (mean  ±  SEM,  n  =  83)  (Fig.  2  A).  The  mag¬ 
nitude  of  the  drop  corresponds  to  the  steady-state  activ¬ 
ity  of  the  Na-^/K""  ATPase  in  the  balanced  salt  solution, 
which  most  likely  is  rate  limited  by  the  intrinsic  “leaki¬ 
ness”  of  the  cells  to  Na^ .  This  “leakiness”  is  the  sum  of 
all  inward  fluxes  of  Na*,  including  Na*-coupled  trans¬ 
port,  Na*  channels,  and  passive  membrane  permeabili¬ 
ties.  Upon  restoration  of  extracellular  K*,  the  acidifica¬ 
tion  rates  rose  quickly  to  values  higher  than  those  ob¬ 
tained  before  removal  of  K*.  The  rates  then  decayed  to 
the  original  values  with  an  approximately  exponential 

time  course  (t,/2  =  272  ±  6.5  s,  «  =  66). 

One  possible  explanation  for  this  transient  elevation 
of  acidification  rate  is  that  [Na*L  may  have  increased 


during  theperiod  in  which  the  Na*/K*puinpwasinhil> 

ited.  Restoration  of  extracellular  K  would  then  have 
resulted  in  increased  ATP  hydrolysis  and  corresponding 
increased  extracellular  acidification,  until  the  normal 
INa*]  was  restored.  To  test  this  hypothesis,  [Na  ]i  was 
monitored  with  SBH  in  TE67 1  cells,  whfle  K*  was  tran¬ 
siently  removed  from  the  bathing  medium,  ig. 
shows  that  a  steady  rise  in  [Na*L  (~3  mM/min)  oc¬ 
curred  in  the  absence  of  extracellular  K  .  Replacement 
of  K*  caused  the  [Na*]i  to  return  to  its  original  value, 
presumably  due  to  increased  activity  of  the  Na  /R 
pump.  The  excess  [Na*]  in  the  cell  decayed  ^th  an  ap- 


The  similarity  of  the  kinetics  of  the  return  to  byline 
of  the  two  processes  upon  replacement  of  K  indicatK 
close  coupling  between  acidification-rate  changes  arid 
ATP-flux  changes  in  the  cells  resulting  from  changes  in 
the  Na*/K*  ATPase  activity.  These  results  are  quite 
consistent  with  those  of  other  workers  who  have  studied 
the  effects  of  ouabain  or  K*  removal  on  voltage-clam^ 
currents  ( 13-18).  In  those  studies  the  authors 
the  current  resulting  from  the  electrogenic  Na  /R 
pump  as  a  fraction  of  the  total  current,  analogous  to  our 
looking  at  the  fraction  of  the  total  cellular  acidifica^n 
rate  corresponding  to  the  Na'^/K^  pump  activity.  e 
metabolic  analogue  of  the  holding  voltage  is  the  cellular 
maintenance  of  a  steady-state  ATP  level. 

Although  the  removal  of  K*  from  the  bathing  salts  is 
expected  to  inhibit  the  Na*/K*  ATPase,  it  may  have 
other  effects,  such  as  a  membrane  hyperpolanzatmn, 
that  could  cause  changes  in  metabolism  and  thus  affect 
acidification  rates  of  the  cells.  Another  way  to  block 
Na*/  K*  ATPase  activity  is  to  use  the  inhibitor  ouabain. 
As  shown  in  Fig.  3  A.  ouabain  caused  a  drop  in  acidifica¬ 
tion  rate  (8%)  similar  to  that  caused  by  K* 

Removal  of  ouabain  resulted  in  a  slow  recovery  of  acidifi¬ 
cation  rate,  consistent  with  the  slow  rate  of  dissociation 
of  ouabain  from  the  enzyme  (18).  Clearly  the  dominant 
effect  of  removal  of  K*  from  the  medium  on  the  acidifi¬ 
cation  rate  was  due  to  inhibition  of  the  Na*/K*  A"^- 
ase.  If  in  fact  the  overshoot  in  acidification  rate  upon  K 
replacement  were  due  to  enhanced  Na*/K*  ATPase  ac¬ 
tivity,  then  this  overshoot  should  be  inhibited  by  oua¬ 
bain.  Fig.  3  B  shows  that  if  ouabain  was  present  while  K 
was  reapplied  to  the  salts  after  its  removal  for  10  min,  the 
reactivation  of  acidification  was  indeed  inhibited.  Thus, 
both  the  decrease  in  acidification  rates  after  removal  of 
extracellular  K*  and  the  overshoot  upon  its  replacement 
appear  to  provide  a  real-time  measure  of  the  Na  /K 
ATPase  activity. 


Effects  of  changes  in  [Na*^],  and  Na 
permeability,  Pn, 

Another  approach  to  demonstrate  the  tight  coupling  be¬ 
tween  the  extracellular  acidification  rate  and  Na  /K 
pump  activity  is  to  modulate  the  enzyme’s  activity  by 


Micropnysiometry  of  the  Na  /K  ATPase 
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nouRE  3  Ouabain  and  the  removal  of  extracellular  K"  decreased  acidification  rates  to  similar  extents,  and  ouabain  blocked  the  acidification 
overshoot  when  K  *  was  restored.  ( A )  Extracellular  K  *  was  removed  for  5  min,  causing  the  acidification  rate  to  decrease  and  then  overshoot,  as  in 
Fig  2  A  Subsequent  application  of  100  mM  ouabain  for  5  min  caused  a  similar  decrease  that  recovered  slowly  after  ouabain  rernoval,  presumably 
due  to  the  slow  unbinding  kinetics  of  ouabain.  ( B)  In  one  chamber  (open  circ/es),  extracellular  K*  was  removed  for  first  5  mm  and  then  10  mim  In  a 
second  chamber  (c/osed  circ/es).  K*  was  removed  in  the  same  fashion,  but  100  pM  ouabain  was  introduced  midway  through  the  second  K 
deprivation  and  remained  present  through  the  end  of  the  experiment.  Ouabain  inhibited  the  overshoot  in  acidification  rate,  which  suggests  that  foe 
overshoot  represents  theenergeticconsequencesofNaVK*  pump  activity  ratherthan  some  other  effect  of  K  deprivation.  The  nse  in  acidification 
rates  during  long  periods  of  K"*"  deprivation  may  be  related  to  increases  in  [Na  ]i.  _ — 


changing  [Na'^Ji.  Fig.  2  B  demonstrates  that  [Na*]i  can 
be  varied  by  controlling  the  time  cells  are  exposed  to 
K'^-free  medium.  Therefore,  the  overshoot  in  acidifica¬ 
tion  rates  upon  restoration  should  vary  with  the 
amount  of  time  K*  was  withheld  from  the  cells. 


Fig.  4  A  shows  acidification  rates  in  four  chambers  run 
in  parallel  with  cells  treated  identically.  The  responses  to 
increasing  periods  of  exposure  to  K'^-free  medium  were 
quite  similar  among  the  four  chambers;  the  amplitude  of 
the  decrease  in  acidification  rate  due  to  K*  removal  re- 
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preceding  the  overshoot  to  correct  for  the  variability  in  absolute  response  discussed  above. _ 


mained  constant  for  a  given  chamber,  where^  the  am¬ 
plitude  of  the  overshoot  increased  with  increasing 
lengths  of  time  the  Na'^/K'^  pump  was  off.  For  the  lon¬ 
gest  K*-free  incubation  periods,  there  was  some  increase 
in  the  acidification  rate  while  the  Na'^/K'^  pump  was 


inhibited,  probably  reflecting  the  response  of  a  variety  of 
metabolic  consequences  of  altering  significantly  the 
ionic  composition  of  the  cytoplasm.  This  effect  is  also 
observed  during  exposure  of  cells  to  ouabain  with  K 
present  in  the  medium  (Fig.  3  B). 


Miller  et  al 
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ncURE  5  The  amplitude  of  the  acidification  overshoot  correlates  with  membrane  permeability  to  Na  .  The  permeability  of  the  plasma  membrane 
for  Na'^  was  increased  by  exposing  the  cells  to  25  Mg/nti  tfic  ionophore  nystatin.  (A)  Nystatin  increased  the  acidification  rate  when  the  Na  /K 
ATPase  was  active  but  had  little  effect  on  the  acidification  rate  during  periods  when  the  Na  *  /  K  *  ATPase  was  inhibited  by  removal  of  extracellular 
K  *  Nystatin  increased  the  overshoot  upon  replenishment  of  K  .  These  effects  of  nystatin  are  consistent  with  the  hypothesis  that  the  effects  of  K. 
deprivation  on  acidification  rate  reflect  the  activity  of  the  NaVK"  pump.  {B)  Intracellular  Na"  measurements  confirm  that  nystatin  increased 
[Na"]i  as  well  as  the  rate  of  increase  in  [Na"],  when  extracellular  K"  was  removed. _ _ _ _ 


Analysis  of  the  data  in  Fig.  4  A  demonstrates  a  correla¬ 
tion  between  the  period  of  Na^/K^  pump  inhibition 
and  amplitude  of  the  overshoot  (Fig.  4  B).  This  effect 
appears  to  level  off  for  inhibition  times  greater  than  10 
min,  possibly  reflecting  saturation  of  the  Na‘*‘/K'*'  pump 
with  Na^  Similar  results  were  obtained  with  another 


adherent  cell  line  (CHO-Kl ),  indicating  that  these  re¬ 
sults  are  not  unique  to  the  TE671  cell  line  (data  not 
shown). 

lonophores  provide  a  second  method  for  manipulat¬ 
ing  [Na'^Ji-  Addition  of  nystatin,  a  monovalent  cationo- 
phore,  to  cells  in  the  microphysiometer  caused  the  acidi- 
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FIGURE  6  The  steady-state  aaivity  of  the  Na*/K*  ATPase  is  independent  of  whether  the  energy  metabolism  of  the  cells  is  glycolytic  or  oxidative. 
(A)  Acidification  rates  in  three  chambers  responded  essentially  identically  to  a  lO-min  deprivation  of  K*.  One  chamber  (solid circles)  w^  then 
forced  to  be  completely  glycolytic  by  exposure  to  5  mM  antimycin  A.  The  second  (open  circles)  was  forced  into  purely  oxidative  metabolism  by 
removal  of  glucose  and  substitution  with  1 0  mM  pyruvate  and  2  mM  2-DG.  The  third  chamber  (plus  signs)  remained  on  glucose-containing  salts  as 
a  control.  Subsequent  removal  of  extracellular  K*  for  10  min  decreased  the  acidification  rates  by  the  same  percent  of  the  new  steady-stote  rate  for  all 
three  treatments.  A  representative  experiment  is  shown.  (B)  Measurements  of  [  Na*  were  made  on  cells  in  a  single  chamber  sequenu^ly  under 
control  (predominantly  glycolytic)  and  oxidative  conditions  as  above.  The  [Na*!  basal  level  did  not  change  between  the  two  conditions.  The 
kinetics  of  recovery  from  1 0-min  deprivation  ofK*,ameasureofNa*/K*  ATPase  activity,  were  quite  similar  under  the  two  conditions.  The  break 
in  the  SBR  data  resulted  when  the  memory  buffer  on  the  computer  became  full  and  it  was  necessary  to  restart  data  accumulation  ( see  also  Fig.  7  fl). 

fication  rate  to  rise  to  an  elevated  Steady-State  value  (Fig.  manly  due  to  an  increase  in  activity  of  the  Na^/K^ 
5  A).  Subsequent  removal  of  K*  resulted  in  an  acidifica-  pump,  probably  due  to  the  increased  flux  of  Na-"  into  the 
tion  rate  similar  to  that  measured  in  the  absence  of  K'"  ceUs.  Analogous  results  were  obtained  in  studies  of  mon- 

before  addition  of  nystatin.  These  data  indicate  that  the  ensin  effects  on  the  ouabain-suppressible  clamp  current 
elevation  in  acidification  rate  caused  by  nystatin  is  pri-  in  chick  myocytes  (18).  Also  consistent  with  a  nystatin- 
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mediated  increase  in  Na*  flux  into  the  cells  is  the  in¬ 
creased  acidification  overshoot  upon  replacement  of 
K  .  As  expected,  direct  measurement  of  [  Na  Ji  revealed 
an  increased  steady-state  concentration  due  to  nystatin 
addition  as  well  as  a  very  rapid  rise  in  concentration 
upon  removal  (Fig.  5  B).  Similar  results  were  ob¬ 
tained  with  monensin  and  gramicidin  D  (data  not 
shown). 

Thus,  both  the  amplitude  of  the  undershoot  of  acidifi¬ 
cation  rates  occurring  during  deprivation  and  the 
overshoot  resulting  from  its  replacement  are  indicators 
of  changes  in  PNa  and  [Na^]i.  The  overshoot,  which  re¬ 
flects  the  time  integral  of  Na""  influx  during  K""  removal, 
is  the  more  sensitive  indicator  of  such  changes.  These 
observations,  coupled  with  the  ouabain  sensitivity  of  the 
overshoot  and  the  similarity  of  the  kinetics  of  the  return 
of  the  acidification  rate  transient  to  baseline  and  the 
SBFl  measurements  of  the  kinetics  of  the  return  of 
[Na"^]i  to  baseline,  argue  very  strongly  that  the  changes 
in  acidification  rates  seen  with  these  manipulations  do 
indeed  track  the  activity  of  the  Na^/K"‘  pump  in  these 
cells. 

Dependence  of  the  Na'‘’/Ka'‘'  pump 
on  mode  of  energy  metabolism 

Having  established  that  the  activity  of  the  Na'^/K'^ 
pump  can  be  monitored  with  the  microphysiometer,  we 
next  examined  whether  the  pump  activity  in  TE67 1  cells 
selectively  depended  on  glycolysis  or  respiration  as  a 
source  of  ATP.  These  studies  were  motivated  by  reports 
demonstrating  that  different  cellular  processes  may 
sometimes  be  fueled  preferentially  from  one  or  the  other 
of  these  major  pathways  of  energy  metabolism,  indepen¬ 
dent  of  the  overall  balance  between  the  two  pathways  in 
the  cell.  Brain  and  kidney  are  the  two  organs  that  expend 
the  most  energy  on  the  Na^/K"^  pump  (19).  Oxidative 
metabolism  accounts  for  nearly  all  the  ATP  used  by  the 
pump  in  brain,  and  only  part  of  that  used  in  renal  tu¬ 
bules  (20),  Rous-transformed  hamster  cells  and  Ehrlich 
ascites  cells  (2 1 ),  or  the  renal  cell  line  MDCK  (22, 23 ). 
In  vascular  smooth  muscle.  Paul  and  collaborators  (24) 
found  that  ATP  derived  from  aerobic  glycolysis  was  pri¬ 
marily  used  for  transport  functions,  whereas  ATP  origi¬ 
nating  from  oxidative  metabolism  was  used  to  drive  con¬ 
tractile  processes.  Similar  findings  were  reported  for  the 
rabbit  heart  by  Weiss  and  Hiltbrand  (25).  The  conclu¬ 
sions  above  were  based  on  experiments  in  which  the 
Na'^/K'^  pump  activity  was  manipulated  and  the  resul¬ 
tant  changes  in  O2  consumption  and/ or  lactate  produc¬ 
tion  were  examined  or,  conversely,  in  which  the  mode  of 
energy  metabolism  was  changed  and  the  effects  on  Na"^/ 
pump  activity  were  determined. 

We  chose  the  latter  approach  and  forced  the  cells  into 
one  mode  of  energy  metabolism  or  the  other  by  using 
inhibitors  of  glycolysis  or  oxidative  metabolism  and  by 


manipulating  carbon  source.  Addition  of  antimycin  A,  a 
site  2  blocker  of  the  electron  transport  chain  and  a  nearly 
universal  activator  of  glycolysis,  caused  a  very  slight  in¬ 
crease  in  metabolic  rate,  as  can  be  seen  in  Fig.  6  A.  An 
increase  is  expected  since  completely  glycolytic  cells 
should  produce  six  times  the  number  of  protons  as  cells 
depending  completely  on  oxidative  metabolism  of  glu¬ 
cose  and  assuming  a  constant  ATP  turnover  rate  (7). 
The  minor  increase  shown  here  (~3%)  indicates  that 
these  cells  are  normally  almost  entirely  glycolytic.  This  is 
not  surprising  given  their  tumor  origin  and  that  fact  that 
cells  in  culture  (as  opposed  to  in  vivo)  commonly  are 
primarily  glycolytic  (22,  26-29). 

Substitution  of  glucose  with  pyruvate  and  the  glyco¬ 
lytic  inhibitor  2-DG  decreased  the  basal  acid  production 
rate  by  ~85%  compared  with  that  of  the  control  cells. 
Since  the  theoretical  decrease  in  acidification  rate  for  a 
shift  from  glycolysis  to  oxidative  metabolism  of  pyruvate 
at  constant  ATP  turnover  rate  is  87%  ( 7 ),  these  data  are 
evidence  that  the  ATP  turnover  rate  is  independent  of 
the  mode  of  energy  metabolism. 

Upon  removal  of  from  the  medium,  the  acidifica¬ 
tion  rates  dropped  by  ~9%,  regardless  of  whether  the 
cells  were  in  glycolytic  (8.1  ±  0.9%;  mean  ±  SEM,  n  = 
8),  oxidative  ( 10.0  ±  0.8%,  «  =  10),  or  control  energy- 
metabolism  mode  (8.8  ±  0.7%,  «  =  83).  Assuming  that 
the  manipulations  with  carbon  source  and  inhibitors  did 
not  change  [  Na'"  ]i ,  the  fact  that  the  drop  in  acidification 
rate  due  to  K'"  removal  was  nearly  the  same  percentage 
in  all  cases  implies  that  the  ATP  for  the  Na*/K*  pump 
is  equally  provided  for  by  either  glycolysis  or  oxidative 
metabolism.  Fig.  6  B  shows  that  the  [Na*];  indeed  did 
not  change  when  the  cells  were  shifted  to  oxidative  me¬ 
tabolism  from  a  (largely)  glycolytic  state.  Furthermore, 
the  kinetics  of  the  changes  in  [  Na"^  ]j  due  to  removal  and 
replacement  of  extracellular  K*  were  essentially  identi¬ 
cal  for  the  two  metabolic  conditions.  Thus,  the  activity 
of  the  Na'^/K*  pump  was  invariant  with  respect  to 
mode  of  energy  metabolism  even  under  conditions  with 
slight  Na"^  loading.  The  insensitivity  of  the  Na'^/K* 
ATPase  to  the  source  of  ATP  is  also  demonstrated  by  the 
fact  that  the  overshoot  of  acidification  rate  in  response  to 
replacement  also  scales  with  the  basal  acidification 
rate,  independent  of  mode  of  cellular  energy  metabo¬ 
lism.  This  observation  is  also  indicative  of  the  tight  cou¬ 
pling  of  ATP  synthesis  and  hydrolysis  in  these  cells. 
Since  the  same  amount  of  ATP  was  hydrolyzed  regard¬ 
less  of  metabolic  mode  to  remove  the  excess  Na*  accu¬ 
mulating  during  the  period  of  K""  deprivation,  the  same 
number  of  excess  protons  resulting  from  that  hydrolysis 
should  have  been  produced.  These  protons  should  have 
appeared  outside  the  cells  due  to  the  cellular  pH;  homeo¬ 
stasis  mechanisms.  That  they  did  not  most  likely  was  a 
result  of  near  simultaneous  uptake  of  those  protons  via 
ATP  synthesis. 
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FIGURE  7  Stimulation  of  muscarinic  receptors  in  TE671  cells  increased  the  activity  of  the  Na“*“/K‘*’  ATPase  via  increase  in  [Na  ],.  (^4)  The 
response  of  acidification  rate  to  stimulation  with  1  mM  carbachol  was  an  increase  that  peaked  and  decayed  to  a  higher  plateau  while  the  agonist 
remained  present.  Deprivation  of  extracellular  for  5  min  during  carbachol  stimulation  causes  a  larger  decrease  in  acidification  rate  than 
deprivation  before  stimulation.  The  inset  summarizes  the  results  of  six  such  measuremenu  on  independent  chambers.  (B)  Treatment  with  1  mM 
carbachol  increased  [Na*]j  and  increased  the  rate  of  accumulation  of  Naj^  during  deprivation  of  extracellular  K*  but  did  not  alter  the  kinetics  of 
return  to  basal  [ Na^  ],  after  the  restoration  of  K* . 


Increase  in  NaK'^/K'^  ATPase  activity 
by  cholinergic  stimulation 

TE67 1  cells  express  both  nicotinic  ( nAChR )  and  musca¬ 
rinic  (mAChR)  acetylcholine  receptors  (30-33).  The 
nAChR  expressed  has  properties  of  skeletal  muscle 
nAChR,  and,  based  on  binding  studies,  Bencherif  and 
Lukas  (32)  have  assigned  the  mAChR  to  the  Mj  sub¬ 
class.  We  have  demonstrated  previously  that  triggering 


acetylcholine  receptors  on  TE67 1  cells  with  the  agonist 
carbamyl  choline  (carbachol)  results  in  immediate  and 
significant  increases  in  extracellular  acidification  rates 
(33).  These  responses  are  completely  attributable  to 
stimulation  of  the  muscarinic  acetylcholine  receptors 
based  on  the  ability  of  atropine  to  block  the  response. 
Increased  acidification  rates  may  be  in  part  due  to  in¬ 
creased  activity  of  the  Na'^/K'^  ATPase  in  response  to 
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receptor  triggering.  Such  increases  could  be  caused  either 
indirectly  by  a  rise  [  Na  ^  ]i  or  directly  by  activation  of  the 
Na‘"/K*  pump.  The  activity  of  the  Na"^/K*  pump  has 
been  found  to  be  modulated  in  a  number  of  systems  ( 34, 
see  also  35-43),  usually  as  a  result  of  changes  in  [Ca'^’^Jj 
and/or  protein  kinase  C  activation.  Since  activation  of 
the  mAChR  in  TE67 1  cells  results  in  an  increase  in  inosi¬ 
tol  trisphosphate  concentration  ( 32 )  and  an  increase  in 
[Ca'^'^li  (Miller,  D.  L.,  unpublished  observations),  it 
seemed  reasonable  to  suspect  there  might  be  some  Na^/ 
K*  pump  modulation  in  these  cells  as  well. 

To  determine  the  role  of  the  Na^/K*  pump  in  the 
acidification  response  to  receptor  triggering,  we  tested 
the  response  of  the  cells  to  exposure  to  K^-free  medium 
before  and  during  exposure  to  1  mM  carbachol  (Fig.  7 
A).  The  response  of  the  cells  to  carbachol  was  robust, 
with  the  acidification  rate  increasing  by  27.5  ±  3.0%  ( n  = 
7).  Removal  of  from  the  medium  resulted  in  a  larger 
decrease  in  acidification  rate  in  the  presence  of  carbachol 
(6.8  ±  1.2%  versus 4.5  ±  0.7%  before  carb,  «  =  6),  indi¬ 
cating  enhanced  Na^/K"^  pump  activity  due  to  receptor 
triggering.  Replacement  of  K*  resulted  in  a  larger  acidifi¬ 
cation-rate  overshoot,  suggesting  that  carbachol-en- 
hanced  pump  activity  is  due  to  an  increased  flux  of  Na"^ 
into  the  cells  (3. 1  ±  0.4%  before  carbachol  versus  5.4  ± 
0.7%  after,  n  -  6). 

To  confirm  this  hypothesis,  we  examined  changes  in 
[Na'^  ]i  directly  with  SBFI  during  the  carbachol  response 
(Fig.  7  B).  As  expected,  carbachol  increased  [Na"^];  as 
well  as  the  rate  of  Na*  accumulation  upon  removal  of 
.  The  presence  of  carbachol  did  not  alter  the  kinetics 
of  the  removal  of  Na,^  in  response  to  replacement 
(/,/2  =  245  s,  n  =  2).  The  [Na’^],  remained  elevated  all 
the  while  the  carbachol  was  present,  and  decayed  slowly 
to  its  original  value  after  carbachol  removal  (not 
shown ) .  Thus,  the  permeability  of  the  cells  to  Na  due  to 
receptor  triggering  is  not  transiently  enhanced  but  rather 
remains  elevated  throughout  the  period  of  exposure  of 
the  cells  to  agonist.  The  mechanism  by  which  Na""  per¬ 
meability  is  enhanced  by  muscarinic  receptor  activation 
is  currently  under  investigation.  In  other  systems  Na* 
influx  increases  due  to  receptor  activation  have  been  at¬ 
tributed  to  activation  of  the  Na*/H*  antiporter;  how¬ 
ever,  preliminary  experiments  have  indicated  that  is  not 
the  case  in  these  cells  ( unpublished  observations). 


CONCLUSIONS 

We  have  determined  that  the  activity  of  the  Na*/K* 
ATPase  is  closely  coupled  to  the  rate  of  production  of 
acidic  metabolites  by  the  human  rhabdomyosarcoma 
cell  line  TE67 1 .  Manipulation  of  the  activity  of  the  ATP¬ 
ase  caused  changes  in  the  metabolic  flux  in  these  cells 
that  were  measurable  noninvasively  in  real  time  with  a 
microphysiometer.  Parallel  measurements  of  changes  in 
[Na*  ]i  with  a  ratiometric  fluorescence  technique  corrob¬ 
orated  the  results  from  the  microphysiometer.  Use  of 


both  techniques  indicated  that  the  pool  of  ATP  used  by 
the  pump  is  derived  nonpreferentially  from  either  glycol¬ 
ysis  or  oxidative  metabolism.  Furthermore,  we  were  able 
to  demonstrate  that  the  Na*/K*  ATPase  is  activated 
when  carbachol  stimulates  cholinergic  receptors  in  these 
cells.  The  activation  of  the  ATPase  is  secondary  to  an 
increase  in  [Na*]i  that  is  caused  by  increased  Na*  influx 
during  receptor  stimulation.  We  are  continuing  to  inves¬ 
tigate  the  source  of  the  increase  in  Na*  influx. 
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A  specific  T  cell  response  to  a  preformed  complex 
of  detergent-solubilized  MHC  class  n  molecule  and 
cognate  antigenic  peptide  was  observed  by  monitor¬ 
ing  tbe  extracellular  acidification.  An  increase  in 
this  rate  was  observed  when  the  resting  4R3.9  T  cell 
clone  specific  for  the  peptide  fragment  MBP(I-14) 
of  myelin  basic  protein  was  exposed  to  preformed 
detergent-solublized  IA*‘-MBP(1-14)A^  complexes. 
MBP  peptide  alone,  lA^  alone,  or  complexes  of  lA*- 
proteolipid  protein(139-151)  and  IA'‘-OVA(323- 
339),  did  not  cause  significant  increases  in  the  aci¬ 
dification  rates  of  the  MBP(l-I4)-restricted  4R3.9  T 
cell  clone.  In  addition,  BW  5147  T  lymphoma  cells, 
which  lack  TCR,  did  not  show  any  increase  in  rate 
when  exposed  to  IA^-MBP(I*I4)A^  complexes.  Sim¬ 
ilar  increases  in  acidification  rate  were  observed  in 
the  presence  of  IL-2,  anti-CD3  and  anti-TCR  antibod¬ 
ies.  The  enhanced  acidification  responses  were 
blocked  by  genistein,  a  tyrosine  kinase  inhibitor. 

In  recent  work.  It  has  been  found  that  the  In  vitro 
triggering  of  a  wide  variety  of  cells  by  specific  receptor 
ligands  can  be  detected  and  monitored  using  sensitive 
measurements  of  medium  acidification  (1.  2).  The  pres¬ 
ent  work  was  undertaken  to  determine  whether  acidifi¬ 
cation  rates  can  also  be  used  to  detect  specific  ceil  trig¬ 
gering  by  ligands  that  bind  to  TCR.  The  triggering  of  Th 
cells  by  complexes  of  class  II  MHC  molecules  and  cognate 
antigenic  peptides  can  be  observed  using  a  variety  of 
techniques  (3-7).  The  acidification  rate  technique  differs 
from  most  other  methods  in  that  It  provides  a  continuous 
probe  of  the  early  events  in  cellular  triggering.  We  are 
particularly  interested  in  ligands  that  may  be  responsible 
for  the  induction  of  anergy  (8.  9). 

MATERIALS  AND  METHODS 

Cells,  antibodies,  and  chemicals.  The  4R3.9  T  cell  clone  specific 
for  N  terminus  acetylated  MBP^(1-14)  was  obtained  from  the  labo- 
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ratory  of  Dr.  Pamela  Jones.  Stanford  University.  Stanford.  CA.  The 
BW  5147  T  lymphoma  ceil  line  lacking  TCR  was  obtained  from  the 
American  Type  (Culture  CoilecUon  (Bethesda.  MD).  The  4R3.9  T  cell 
clone  was  maintained  by  stimulation  with  Irradiated  AJ  spleen  cells. 
26.4  mM  MBP(1-14)  pepude  and  1  U/ml  human  riL-2  every  10  days. 
T  cells  were  harvested  at  day  10  after  Ag  pulsing,  and  were  cultured 
overnight  at  a  ceil  density  of  1  x  10*  cells/ml  in  RPMI 1640  medium 
containing  2.5%  FCS.  Cells  were  washed  In  serum-free  loading  me¬ 
dium  (RPMI  1640  with  1  mM  sodium  phosphate,  10  mM  HEPES 
buffer.  pH  7.4,  penicillin,  and  streptomycin,  without  bicarbonate) 
Just  before  use.  Receptor-transfected  CHO  ceUs  HB2  (^-adrenergic) 
and  WT3  (ml -muscarinic)  were  from  Craig  Venter.  National  Insti¬ 
tutes  of  Health  (Bethesda.  MO).  The  CHO  cells  were  cultured  In  F12 
medium  containing  10%  serum,  penicillin,  and  streptomycin.  The 
EGF  receptor-transfected  3T3  cells.  DHER-14.  were  obtained  from 
Joseph  Schlesslnger.  New  York  University  Medical  Center  (New 
York,  NY).  The  DHER-14  cells  were  cultured  in  Dulbecco's  modified 
E:agle's  medium  containing  10%  FCS  and  antibiotics.  Both  CHO  and 
3T3  cells  were  maintained  in  serum-free  medium  for  a  period  of  at 
least  12  h  immediately  before  use  in  the  microphyslometer.  Adherent 
cells  were  removed  from  culture  flasks  by  incubating  cells  with  5 
mM  sodium  EDTA  In  PBS  for  5  min  at  37*C.  The  cells  were  washed 
in  scrum-free  medium  and  were  used  for  experiments.  Antl-CD3  and 
anU-TCR-ad  IgQ  mAb  were  affinity  purified  from  hybrldoma  ceil 
supernatant  using  a  protein  A  Sepharose  column.  The  anti  TCR- 
ad-produclng  hvbrtdoma  ceils.  H57-597.  were  from  Ralph  Kubo, 
National  Jewish  Medical  Center  (Denver.  CO).  AnU-CD3-producing 
hybrldoma  cells,  E500A2.  were  from  Jim  Allison.  University  of 
Callfomta  (Berkeley.  CA).  Antl-CD4  IgG  mAb  was  purchased  from 
Olympus  Corporation  (Lake  Success.  NY).  Human  rlL-2  was  pur¬ 
chased  from  Genzyme  (Boston.  MA).  Gcnlsictn  (4'.5.7-trlhydroxyi- 
soflavone)  was  purchased  from  BloMol  Research  Labs.  (Plymouth 
Meetings.  PA)  and  was  dissolved  in  DMSO.  TGF-a  was  from  Rick 
Harkins.  Berlex  Blosclences  (Alameda,  CA).  (-)  Isoproterenol  and 
carbamoyl  choline  chloride  (carbachoi)  were  purchased  from  Sigma 
Chemical  Co.  (St.  Louis.  MO). 

Synthesis  of  peptide  analogs.  The  rat  MBP  peptide  MBP(  1  -  MIA"*, 
with  the  sequence  Ac-ASgARPSgRHGSKY-NH2  (lysine  at  position 
4  Is  replaced  by  alanine),  the  OVA  peptide.  OVA(323-339).  with  the 
sequence.  ISQAVHAAHAEINEAGR-NH,.  and  proteollpld  peptide. 
PLP(139-151),  with  the  sequence.  TSLGKWLGHPDKF-NH,.  were 
synthesized  by  standard  solid  phase  methodology  using  side  chain- 
protected  Fmoc  amino  acids  and  a  MllllGen  9050  or  Applied  Blosys- 
tems  431 A  (Foster  City.  CA)  automated  peptide  synthesizer.  Depro- 
tected.  crude  peptide  amides  were  purified  by  reverse  phase  HPLC. 
and  the  homogeneity  and  identity  of  the  punfled  peptides  were 
confirmed  by  mass  spectroscopic  analysis. 

AJ[finity  purification  of  /A*.  /A**,  and  I  A*  MHC  class  U  molecules. 
lA'^  and  lA*  were  purified  from  an  NP-40  extract  of  membranes 
prepared  from  cultured  CH27  cells  and  SJL  mice  spleen  ceils,  re- 
spectlvclv.  using  an  affinity  support  prepared  by  coupling  mAb,  10- 
2.16  (specific  for  both  lA*  and  I  A"),  with  Sepharose  4B  beads  by  the 
standard  cyanogen  bromide-coupling  method.  Similarly,  lA**  was 
purified  from  A20. 1.11  cells  using  a  support  containing  MKD6  mAb. 
Briefly,  a  high  speed  (100.000  x  g\  membrane  fraction  was  detergent 
extracted  In  a  buffer  containing  10  mM  Trls-HCl.  pH  8.3.  0.5%  NP- 
40.  0.1  M  NaCl.  5  mM  EDTA.  0.02%  sodium  azide,  and  I  mM  PMSF. 
and  the  lysate  was  recycled  over  the  prcequillbrated  antibody  column 
at  4*C  for  16  h.  The  column  was  washed  with  10-bed  volumes  of 
deoxycholatc  buffer  containing  10  mM  Trls  HCl,  pH  8.3.  0,5%  dc- 
oxycholate.  0. 1  M  NaCl.  5  mM  EDTA.  0.02%  sodium  azide,  and  1 
mM  PMSF  followed  by  5-bcd  volumes  of  PBS  containing  1%  OG 
buffer.  Finally,  the  la  molecules  were  eluted  with  20  mM  phosphate 
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buffer.  pH  1 1.  containing  0.1  M  NaCl.  1%  OG.  0.02%  sodium  azide, 
and  1  mM  PMSF.  Each  fraction  was  immediately  neutralized  with 
acetic  acid  to  a  final  concentration  of  12  mM.  and  the  MHC  class  II 
was  concentrated  using  an  Amicon  Centrlprep*lO  concentrator.  Af- 
flnity-purlfled  la  molecules  were  characterized  by  12%  onc-dimen- 
slonal  SDS-PAGE. 

Preparation  of  class  ll-peptide  complex.  Afflnlly-purlflcd  la  mol¬ 
ecules  at  400  to  500  Mg/xni  were  incubated  at  37*C  for  48  h  with  50- 
fold  molar  excess  of  peptides  In  a  buffer  containing  10  mM  Trls  HCI. 
pH  8.3.  0.02%  sodium  azide.  1  mM  PMSF.  and  1%  OG.  The  excess 
pepUde  was  removed  by  extensive  dialysis  of  the  complex  against 
bicarbonate-free,  low  buffering  RPMI  1640  medium.  pH  7.4.  con¬ 
taining  1  mM  sodium  phosphate,  penicillin,  and  streptomycin.  The 
final  preparation  of  complex  used  In  these  experiments  contains 
monomers  and  aggregates  as  measured  by  high  speed  centrifugation 
and  gel  flltrauon  chromatography  of  (‘"IJ-IA^  and  unlabeled  MBP(1- 
14)A4  peptide  complexes. 

Loading  of  ceUs  into  cell  capsule.  T  cells  were  loaded  Into  dispos¬ 
able  cell  capsules  for  metabolic  monitoring  In  the  CytoSensor  mlcro- 
physlometer  (Molecular  Devices  Corp..  Menlo  Park.  CA)  as  described 
by  McConnell  et  al.  (10)  (Fig.  1).  Cells  were  pelleted  at  500  x  g  for  5 
min  and  resuspend^  In  serum-free  loading  medium  (low  buffering 
RPMI  1640  medium  containing  10  mM  HEPES  buffer.  pH  7.4)  at  a 
cell  density  of  10  x  10*  cells/mL  Using  sterile  technique  In  a  laminar 
flow  hood,  capsule  cups  were  placed  in  a  12- well  mlcroplate  and 
loaded  with  1  mg  of  pamculate  collagen  (cross-linked  collagen.  200- 
ftm  particles.  Molecular  Devices  Corp.)  suspended  In  0.5  ml  of  loading 
medium.  A  SO-am  thick  capsule  spacer  ring  was  added  to  the  cup 
before  addition  of  the  collagen.  After  the  colleen  settled  for  10  min. 
5x10*  cells  in  0.5  ml  were  added  to  the  membrane  cups.  The  cups 
were  then  transferred  into  plate  wells  containing  2  ml  of  loading 
medium  and  centrifuged  at  500  x  g  for  5  min  In  order  to  deposit 
cells  onto  the  collagen-particle  coated  membrane.  A  capsule  Insert 
was  then  placed  in  the  capsule  cup  and  sunk  through  the  overlying 
medium  by  wetting  the  top  surface  of  the  insert  membrane  with 
several  drops  of  loading  medium.  The  resulting  configuration  is 
termed  the  “cell  capsule.*  This  is  made  up  of  the  capsule  cup  con¬ 
taining  cells  and  collagen,  sandwiched  between  lower  cup  membrane 
and  upper  capsule  insert  membrane,  separated  by  a  50-f«m  thick 
capsule  spacer  ring  (see  Pig.  1).  The  cell  capsule  was  then  filled  with 
loading  medium  and  assembled  Into  the  sensor  chamber. 

iMdlng  of  cell  capsules  Into  sensor  chambers.  The  sensor 
chambm  were  clean^  and  disinfected  using  a  pyrogen-removing 
detergent/oxidizing  solution  for  1  h  and  rinsed  four  times  with  sterile 
water  and  once  with  loading  medium.  With  1  ml  of  medium  in  the 
sensor  chamber,  a  cell  capsule  was  lowered  into  the  chamber,  and  a 
sterile  plunger  primed  with  loading  medium  was  lowered  onto  the 
ceil  capsule,  sealing  it  into  the  sensor  chamber.  The  sensor  chamber 
was  then  connected  to  the  inlet  and  exit  tubing  of  the  mlcrophysiom- 
eter  with  the  pumps  running  to  exclude  air  from  the  sensor  chamber 
during  connection. 

Measurement  of  cellular  metabolic  rates.  A  low  buffering  RPMI 
1640  running  medium  containing  1  mg/ml  endocoxln-free  human 
serum  albumin  (Miles  Laboratories.  Elkhan.  IN)  was  pumped 


through  each  sensor  chamber  at  50  Ml/mln.  The  acidification  rate  of 
cells  was  measured  by  stopping  the  flow  of  medium  through  the 
sensor  chamber  and  collecting  potential  measurements  for  1  min.  A 
change  of  1  mV/s  In  potential  corresponds  to  I  mpH  U/mln  change 
In  pH  because  of  the  Nemstlan  response  (59  mV/pH  unit)  of  the 
silicon  sensor  (11).  Typically,  resting  T  cells  at  the  described  cell 
density  give  rates  of  10  to  20  mV/s.  Restarting  the  How  of  medium 
for  a  I  -min  interval  reestablished  the  pH  In  the  sensor  chamber  to 
that  of  the  medium,  and  replenished  nutrients  and  removed  waste 
products  In  order  to  maintain  the  cells  In  viable  condition.  Acidifi¬ 
cation  rate  data  is  mathematically  normalized  to  a  100%  value  at  a 
time  before  ceil  stimulation.  This  allows  the  direct  comparison  of 
changes  in  rates  coUected  from  ceils  In  separate  chambers  with 
different  initial  rates  in  mV/s.  The  microphyslometer  was  equipped 
with  200*m1  sample  loops  for  the  Injection  of  MHC  complexes  and 
other  effector  agents  such  as  rlL-2.  which  were  diluted  Into  running 
medium  or  dialyzed  against  low  buffering  medium. 

RESULTS 

Ag-specific  stimulation  of  T  cell  acidification  rates. 
Mouse  T  ceil  clone  4R3.9  was  cultured  overnight  in  me¬ 
dium  containing  2.5%  serum  and  washed  with  serum- 
free  medium  before  measurements  were  made.  After 
loading  into  the  microphyslometer.  the  ceils  were  moni¬ 
tored  for  acidification  rate  untli  a  stable  or  slowly  increas¬ 
ing  base  line  was  obtained  before  the  injection  of  com¬ 
plex.  Specific  stimulation  in  the  presence  of  lA^-MBPfl- 
14) A*  and  not  in  the  presence  of  lA**  alone  is  shown  in 
Figure  2A.  An  Increase  of  12  to  15%  in  acidification  rate 
over  control  cells  was  observed  within  2  to  3  min  after 
sample  injection.  The  increase  in  acidification  rate  over 
controls  slowly  Increased  to  20%  45  min  after  injection 
of  the  complex.  Cells  treated  with  IA*-PLP  (139-151) 
complex  did  not  show  any  significant  increase  in  rate.  A 
very  similar  result,  i.e..  no  increase  in  the  acidification 
rate,  was  obtained  when  BW  5147  T  lymphoma  cells 
were  exposed  to  lA^-MBPI  1-1 4)A'‘  complex.  These  results 
are  presented  in  Figure  2B.  Similarly,  treatment  of  4R3.9 
T  cells  with  either  10  pg/ml  concentration  of  MBP(1- 
1 4)A*  peptide  alone  or  with  complexes  of  LA**-OVA(323- 
339)  showed  no  Increase  in  the  metabolic  rate  (data  not 
shown).  The  stimulation  of  T  cell  acidification  rate  was 
sustained  for  a  long  period  of  time.  Although  the  acidifi¬ 
cation  rate  decreased  after  4  h  in  the  microphyslometer. 
the  difference  in  the  stimulation  obtained  with  cells 


Figure  I .  Microphyslometer  cell  capsule  and 
plunger.  Schematic  lUustratlon  of  “ceil-capsule* 
and  sensor  chamber  assembly. 
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Figure  2.  SUmuiatlon  of  addlftcatlon  rate  of  T  cells  in  the  presence  of 
soluble  MHC  U^pepUde  complex.  Resting  4R3.9  T  cells  at  day  10  after  Ag 
pulsing  were  prepared  as  described  In  Matertais  and  Methods.  The  cells 
were  rested  overnight  in  low  serum  (2.5%)  medium  and  washed  in  serum- 
free  RPMI 1 640  loading  medium  Just  before  use.  The  cells  were  monitored 
for  acldif  IcaUon  rate  for  30  min.  and  then  samples  were  injected  using  a 
2QO-td  sample  injecuon  loop.  In  A.  either  IA“  alone  (open  circles)  or  1A“- 
MBP(l-l4)A*  complex  (closed  circles)  at  500  Mg/ml  were  injected  Into 
separate  chambers  at  time  zero.  The  acidification  rates  for  each  channel 
were  normalized  to  100%  at  1  h  after  cell  loading.  The  box  indicates  the 
time  of  sample  exposure.  The  Inset  graph  displays  the  difference  in  the 
rate  between  IA*-MBP(  1  —  1 4)A*  complex  and  lA*.  In  B,  200  4I  of  either  lA  - 
PLP(  1 39- 151)  (open  circles)  or  1A“-MBP(  1  - 1 4)A*  complex  (closed  circles) 
at  a  concentiauon  of  500  Mg/ml  were  injected  Into  the  chambers.  In  a 
separate  chamber  BW  5147  cells  were  exposed  to  200  m1  of  lA^-MBP)!- 
14)A^  complex  (solid  line)  at  a  concentraUon  of  500  Mg/ml.  The  inset 
graph  displays  the  difference  In  rate  between  the  BW  cells  and  4R3.9 
cells  with  either  1A*-MBP(1-14)A^  complex  (closed  circles)  or  lA*- 
PLP(  139-151)  complex  (open  circles). 

treated  with  lA**  alone  and  that  obtained  with  cells  treated 
with  IA''-MBP(1-14)A*  persisted  for  10  h  as  shown  In 
Figure  3. 

EJfect  of  IL-2  on  the  acidification  rate  of  T  ceil  clone. 
IL-2  activates  T  cells  (12).  The  effect  of  lL-2  on  the 
acidification  rate  of  the  4R3.9  T  cell  clone  Is  shown  In 
Figure  4.  When  cells  were  exposed  to  varying  concentra¬ 
tions  of  human  rIL-2  for  5  min.  an  Increase  of  50%  and 
1 00%  In  the  rate  was  observed  at  IL-2  concentrations  of 
10  U/ml  and  100  U/ml.  respectively.  Further  Increasing 
IL-2  concentration  (1000  U/ml)  did  not  show  additional 
increase  in  the  rate.  The  rate  increased  Immediately  upon 
exposure  to  lL-2  and  stabilized  at  a  maximum  value 
within  20  min  of  exposure.  The  elevated  rate  of  lL-2- 
treated  cells,  like  that  obtained  upon  treatment  with 
complex,  was  sustained  for  at  least  10  h  after  exposure 
to  the  lymphoklne  (data  not  shown). 
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Figure  3.  The  sustained  stimulation  of  T  cell  acidification  rate  by 
soluble  MHC  n-pepude  complex.  4R3.9  T  cells  at  day  10  after  Ag  pulsing 
were  loaded  per  cell  capsule  for  running  in  microphyslometer  chambers. 
The  ceils  were  monitored  for  acldiflcauon  rate,  and  at  time  zero  200  m1  of 
cither  lA^  alone  (open  circles)  or  lA^-MBPll-UlA*  complex  (closed  cir¬ 
cles)  at  a  concentiauon  of  500  Mg/ml  were  injected  Into  two  separate 
chambers.  The  rates  were  conUnuaily  monitored  for  up  to  10  h.  The  Inset 
graph  dlspUys  the  difference  in  rate  between  the  cells  treated  with  lA 
and  lA^-MBPd-UjA-*  complex. 


Figure  4.  Effect  of  rlL-2  on  the  metabolic  rate  of  T  cells.  T  cells  were 
prepared  and  loaded  In  cell  capsules.  Human  rlL-2  at  0  (solid  line).  10 
(open  SQuares).  100  (closed  circles),  and  1000  (open  circles)  U/ml  was 
injected  at  time  zero.  The  inset  graph  displays  the  difference  in  rate 
between  the  cell  exposed  to  no  IL-2  and  cells  exposed  to  10  U/ml  (open 
squares)  and  100  U/ml  (closed  circles).  The  acldlflcaUon  rates  were 
normalized  to  100%  at  1  h  and  were  continually  measured  for  a  period  of 
6  h. 

Genistein  blockade  of  Ag-speci/ic.  IL'-2,  and  anti’CD3 
and  anti-TCR  antibody  stimulation  of  T  ceil  acidifica¬ 
tion  rates.  T  cells  were  loaded  into  the  mlcrophysiometer 
for  measurement  of  acidification  rate.  The  microphy- 
siometer  was  run  with  medium  alone  or  with  40  ^g/ml 
genlstein  for  30  to  60  min  to  allow  cellular  acidification 
rates  to  stabilize.  Figure  5A  shows  an  increase  of  approx¬ 
imately  44%  In  acidification  rate  in  response  to  complex 
injection  after  30  min.  In  the  presence  of  genistein.  met¬ 
abolic  stimulation  is  completely  blocked.  Exposure  of  T 
ceils  to  rIL-2  (Fig.  5B)  causes  an  increase  in  acidification 
rate  that  reaches  approximately  60%  in  30  min.  This  IL- 
2  stimulation  is  also  blocked  by  genistein. 

Increases  in  acidification  rate  were  also  observed  when 
T  cells  were  exposed  to  antl-CD3  and  antl-TCR  mAb  at  a 
concentraUon  of  10  pg/ml  as  shown  in  Figures  5C  and 
5D.  The  response  to  antibody  was  similar  to  the  Ag- 
speclf  Ic  response,  although  the  increase  in  metabolic  rate 
occurred  more  slowly,  reaching  40%  for  anU-CD3  and 
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Figure  5.  InhlblUon  of  T  ceU  responses  to  MHC-pcptldc  complex,  rlL- 
2.  and  specific  anU-CD3  and  antl-TCR  antibody  by  genlstein.  T  cells  were 
prepared  and  loaded  In  cell  capsules.  In  A.  the  cells  were  equilibrated  In 
the  microphysiometer  with  medium  containing  no  additives  (open  circies  | 
or  40  Mg/ml  genlstein  (closed  circles).  The  DMSO  concentration  was  held 
constant  at  0.8%.  Acl^lcatlon  rates  were  monitored  for  --50  mtn  before 
injecuon  of  lAk/MBP  complex  (500  Mg/ml)  at  ume  zero.  The  acidification 
rates  for  each  channel  were  normalized  to  100%  10  min  before  complex 
injection.  The  box  indicates  the  time  of  sample  exposure.  In  fl.  the  cells 
were  equilibrated  with  no  additives  (open  circles)  or  40  (4g/ml  genlstein 
(closed  circles).  The  acidification  rates  were  monitored  before  injection 
of  rIL*2  (1000  U/ml)  at  time  zero.  Five  minutes  before  sample  injection, 
the  acidification  rates  for  each  channel  were  normalized  to  100%.  In  C. 
10  Mg/ml  antl*CD3  anubody  was  injected  Into  chambers  equilibrated  with 
(open  squares)  or  without  (closed  circles)  40  Mg/ml  genlstein.  The  box 
Indicates  the  period  of  exposure  of  cells.  Ten  micrograms  per  milliliter 
antl>CD4  was  also  injected  without  genlstein  (open  circles).  In  D.  10  ug/ 
ml  antl'TCR  antibody  was  Injected  into  chambers  equilibrated  with  (open 
square)  or  without  40  «g/ml  genlstein  (closed  circle).  A  control  chamber 
of  cells  without  genlstein  was  mock  injected  with  medium  (open  circles). 


TABLE  I 

Ejjfect  0/ genlstein  on  Tceil  acidification  response 


Stimulus 

1  Concentration! 

Increase'* 

-  Genlstein 

-  Genistein 
(40  uu/mll 

lA^-MBP  complex  (500  fig/ml) 

44 

0 

rIL-2(l000  U/ml) 

60 

5 

AnU-CDS  antibody  (10  ng/ml) 

40 

8 

Antl-TCR  antibody  (10  ^g/ml) 

20 

-6 

Anti-CD4  antibody  (10  ag/ml) 

0 

ND 

%  Increase  Is  the  difference  between  stimulated  and  initial  (100%)  T 
cell  acidification  rates,  measured  30  min  al  ter  stimulus. 


20%  for  antl-TCR  at  30  min.  When  genlstein  was  added 
before  antibody  exposure,  the  antl-CD3  and  antl-TCR 
stimulations  of  T  cells  were  both  Inhibited.  Exposure  to 
antl-CD4  mAb  did  not  cause  an  Increase  In  acidification 
rate  (Fig.  5C).  These  results  are  summarized  In  Table  1. 

The  response  of  Hfl2  cells.  CHO  cells  transfected  with 
the  iJ2-adrenerglc  receptor,  to  agonist  was  not  Inhibited 
in  the  presence  of  40  Mg/ml  genlstein.  The  effect  of  40 
Mg/ml  of  genlstein  on  the  agonist  stimulation  of  DHER- 
14  cells.  3T3  fibroblasts  stably  transfected  with  EGF 
receptor,  on  the  other  hand,  showed  complete  inhibition 
by  genlstein.  These  results  are  summarized  In  Table  11. 
Stability  of  the  acidification  rates  during  all  of  these 


TABLE  II 

Inhibition  of  transfected  receptor  responses  by  genistein 


Kecepior 

(Af^onist) 

increase"^ 

-  Genistein 

•  Genistein 
i40  u</ml) 

ij2- Adrenergic  (10  )jM  Isoproterenol) 

36 

30 

EGF(10ng/mlTCF-a) 

28 

0 

“  %  Increase  is  the  difference  between  stimulated  and  Initial 
(100%)  cell  acidification  rates,  measured  at  the  peak  of  agonist 
response. 


expertments  clearly  Indicates  that  genistein  treatment 
did  not  cause  any  cell  death.  This  was  further  confirmed 
In  the  case  of  T  cells  by  dye  exclusion  viability  measure¬ 
ments. 

DISCUSSION 

Results  presented  In  this  report  demonstrate  an  in¬ 
crease  in  T  cell  acidification  rate  as  a  specific  response 
to  interaction  with  cognate  MHC  class  Il-peptidc  complex. 
Similar  Increases  In  the  acidification  rate  were  observed 
in  the  presence  of  rIL-2  and  during  TCR  ligation  by  antl- 
CD3  and  antl-TCR  antibodies.  The  increase  in  acidifica¬ 
tion  rate  of  other  cell  types  upon  binding  of  receptor- 
specific  ligands  has  been  described  earlier  (1,2).  We  have 
extended  these  studies  to  T  ceil  clones.  The  4R  3.9  T  cell 
clone  used  in  this  study  is  specific  for  the  acetylated  N- 
termlnal  1-14  peptide  fragment  of  rat  myelin  basic  pro¬ 
tein.  A  specific  increase  in  acidification  rate  was  obtained 
by  treatment  with  a  complex  of  IA^-MBP(l-l4)A**.  We 
used  the  MBP(  1-14)  peptide  analog  containing  an  alanine 
substitution  at  position  4.  which  has  been  shown  to 
result  in  increased  binding  of  this  peptide  to  lA**  (12).  The 
increase  in  the  acidification  rate  of  4R3.9  T  cells  in  the 
presence  of  IA‘‘-MBP(1-14)A’*  was  shown  to  be  highly 
specific,  because  cells  exposed  to  only  MBP  peptide,  lA*'. 
IA’-PLP(139-151)  or  IA''-OVA(323-339)  complexes 
showed  no  significant  increase  in  the  acidification  rate. 
A  similar  result  was  obtained  with  another  T  cell  clone. 
AJ 1 .2,  specific  for  the  same  antigenic  determinant  of  the 
MBP  molecule  (result  not  shown).  The  specificity  of  the 
rate  increase  was  further  confirmed  by  the  lack  of  re¬ 
sponse  of  BW5147  cells,  a  T  lymphoma  cell  line  with  no 
TCR.  The  T  cells  exhibited  a  very  strong  acidification 
response  to  rIL-2.  The  effect  of  rIL-2  on  T  cell  acidifica¬ 
tion  rate  is  dose  dependent,  and  the  increased  rate  of 
acidification  saturated  at  100  U/ml  concentration  of  rlL- 
2.  T  cells  either  treated  or  untreated  with  complex  and 
then  exposed  to  rlL-2  showed  a  strong  increase  in  acidi¬ 
fication  rate. 

In  all  of  the  experiments  the  increase  in  acidification 
rate  was  sustained  long  after  the  initial  rapid  rise.  We 
have  observed,  however,  a  decrease  in  the  overall  rate  5 
to  7  h  after  cell  loading  into  chambers.  The  drop  is  most 
likely  caused  by  the  decreased  viability  of  cells  exposed 
to  serum-free  medium  for  an  extended  period  of  time. 
The  cell  stimulation  experiments  presented  here  are  con¬ 
ducted  within  the  first  3  h  of  the  microphysiometer  run. 
while  cells  show  no  loss  of  viability. 

The  T  cell  clones  we  used  in  this  study  seem  to  be 
sensitive  to  serum-free  medium.  Storage  in  2.5%  serum 
at  a  cell  density  of  1  x  lO'^  ceils/ml  was  preferable  for 
maintaining  cell  viability:  the  cells  were  >95%  viable 
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under  these  conditions,  stored  overnight.  The  metabolic 
responses  are  best  observed  In  resting  cells  that  have 
been  maintained  In  2.5%  serum  overnight.  This  obser¬ 
vation  can  be  compared  with  a  previous  study  that  re¬ 
ported  CHO  cells  transfected  with  the  ml -muscarinic 
receptor  require  overnight  serum  starvation  to  produce  a 
surge  In  acidification  rate  upon  stimulation  with  carba- 
moylchollne.  an  agonist  for  that  receptor  (2).  The  specific 
T  cell  response  to  cognate  MHC-Ag  complexes  was  signif¬ 
icantly  Increased  when  the  stimulation  was  conducted  in 
serum-free,  low  buffering  medium,  as  opposed  to  a  very 
weak  or  no  Increase  when  conducted  in  medium  contain¬ 
ing  10%  serum.  The  magnitude  of  the  increase  In  acidi¬ 
fication  rate  ranged  from  15  to  100%  of  the  prestlmula- 
tlon  value.  The  response  amplitude  depends  on  the  cell 
density  and  the  concentration  of  MHC  Il-peptlde  complex 
or  lL-2  used  to  stimulate  the  cells.  Exposure  time  may 
also  influence  the  amplitude  of  the  response:  however, 
that  parameter  was  held  constant  In  this  series  of  exper¬ 
iments. 

It  was  observed  that  the  addlficauon  rates  of  the  rest¬ 
ing  T  cells  gradually  Increase  during  the  first  2.5  to  3  h. 
This  initial  Increase  In  rate  of  cells  loaded  Into  the  mlcro- 
physlometer  has  been  observed  for  a  variety  of  T  cell 
lines  as  well  as  the  T  cell  clone  used  In  the  present  work 
(unpublished  observation).  The  origin  of  this  increase  Is 
not  understood,  but  may  be  related  to  autocrine  or  non¬ 
specific  sUmulatlon  of  the  cells  that  are  held  at  relaUvely 
high  density  In  the  ceU  capsules.  The  Inclusion  of  albu¬ 
min  In  the  serum-free,  runnlxig  medium  used  for  micro- 
physlometer  experiments  appears  to  decrease  the  un- 
stlmulated  ceil  rise  In  acidification  rate.  Perhaps  irritancy 
effects  of  the  cell  capsule  environment  are  reduced  by 
inclusion  of  the  protein.  Irritancy  by  agents  with  low 
toxicity  was  found  In  earlier  studies  to  cause  a  nonspe¬ 
cific  Increase  In  acldlficaUon  rate  (1). 

T  cell  acuvauon  has  been  shown  to  be  blocked  by 
genlsteln  ( 1 3.  1 4).  a  tyrosine  kinase  Inhibitor  (15).  There¬ 
fore.  the  effect  of  genlsteln  on  the  acidification  responses 
of  4R3.9  T  cells  was  studied.  At  a  concentration  of  40 
Mg/ml.  genlsteln  Inhibited  the  sUmulatlon  of  T  cells  by 
Ag.  IL-2.  anU-CD3.  or  anU-TCR  antibodies,  and  no  signs 
of  genlsteln  cytotoxicity  were  observed.  This  concentra¬ 
tion  has  been  previously  shown  to  inhibit  the  activation 
of  phospholipase  C  and  phosphoinositol  release  during 
TCR  ligation  by  anU-CD3  antibody  (16).  Our  results  ob¬ 
tained  with  the  mlcrophyslometer  are  In  agreement  with 
these  previously  reported  results  using  genlsteln  treat¬ 
ment  of  T  cells.  AddlUonal  evidence  for  the  specificity  of 
the  genlsteln  Inhibition  of  acidification  enhancement 
was  provided  by  testing  cells  transfected  with  the  EOF 
receptor,  a  tyrosine  kinase  receptor  (17).  and  the  /12- 
adrenerglc  receptor,  an  adenylate  cyclase  G-proteln- 
llnked  receptor  (18).  As  expected,  genlsteln  blocked  the 
EOF  receptor  response  and  not  the  d2-adrenerglc  recep¬ 
tor  response. 

It  Is  known  that  the  specific  binding  of  cognate  MHC 
ll-peptlde  complex  to  T  cells  can  result  In  either  activation 
and  proliferation,  or  Induction  of  tolerance,  depending  on 
the  presence  of  co-stlmulaUon  signals  (8.  9.  19).  Meas¬ 
urement  of  the  increase  In  the  acidification  rate  obtained 
with  a  soluble  class  Il-peptlde  complex  provides  a  non- 
invaslve  and  rapid  In  vitro  method  for  examining  the 


specificity  of  T  cell  response.  Whether  such  response  is 
linked  to  the  Induction  of  anergy  or  proliferation  Is  yet  to 
be  determined. 
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Signal  Transduction  by  the  Truncated  £ri:B  Isoform,  trfcB.Tl. 

Soc.  Neurosci.  Abstr.  20:  37  (1994) 

iMonte  J.  Radke,  iGregory  Baxter,  iRichard  Kuo,  3Angelica  Medina- 
Selby,  3Doris  Coit,  3pablo  Valenzuela,  and  ^Stuart  C.  Feinstein. 
^Neuroscience  Research  Institute,  Univ.  of  California,  Santa  Barbara, 
CA  93106:  2Molecular  Devices  Corporation,  Menlo  Park,  CA  94205 
and  3  Chiron  Corporation,  Emeryville,  CA  94608. 

The  trk  family  of  proteins  serve  as  receptors  for  the 
neurotrophin  family  of  ligands.  Alternative  splicing  of  trkB  mRNA 
generates  three  known  trkB  isoforms,  each  possessing  the  same 
extracellular  and  transmembrane  domains  but  varying 
intracellularly.  While  "full  length"  trkB  (trkB.FL)  has  a  tyrosine 
kinase  domain  and  initiates  typical  tyrosine  kinase  responses,  the 
"truncated"  trkB  isoforms  trkB.Tl  and  trkB.TZ  have  extremely  small 
intracellular  domains  (23  and  21  amino  acids,  respectively)  and 
appear  not  to  elicit  typical  tyrosine  kinase  responses. 

Several  possible  functions  have  been  suggested  for  the 
truncated  receptors.  They  might  reduce  responsiveness  of 
expressing  cells  by  acting  as  "sponges"  to  remove  excess  or  unwanted 
BDNF  ligand,  or  by  acting  as  naturally  occurring  dominant  negative 
effectors  of  trkB.FL.  They  might  serve  to  present  ligand  to  trkB.FL. 
Alternatively,  they  could  transduce  a  signal,  but  by  presently 
unknown  mechanism(s).  To  assess  this  latter  possibility,  we  used  a 
Cytosensor  Microphysiometer  to  compare  the  ability  of  and  DNA 
transfixed  to  signal  intracellular  events.  The  Cytosensor 
microphysiometer  is  a  biosensor-based  instrument  that  detects 
changes  in  the  physiological  state  of  cultured  cells  by  monitoring  the 
rate  at  which  they  cells  release  acidic  metabolic  products.  BDNF 
treatment  of  trkB.FL  cells  induces  a  biphasic  response  characteristic 
of  other  known  receptor  tyrosine  kinases,  i.e.  an  initial  transient 
acidification  burst  followed  by  a  sustained  increase  in  metabolic 
activity.  Non-transfected  controls  showed  no  effect.  Most 
importantly,  BDNF  treatment  of  trkB.Tl  transfected  cells  induces  a 
marked  change  in  the  media  acidification  rate,  similar  to  the  long 
term  component  of  the  trkB.FL  response  but  without  the  initial  burst 
of  acidification.  We  conclude  that  the  trkB.Tl  isoform  of  the  trkB 
receptor  mediates  BDNF  signal  transduction  via  an  unknown 
mechanism  and  will  discuss  possible  implications. 

Supported  by  grants  from  the  NSF  (BN-9 120836)  and  ARPA  (MDA- 
972-92-C-0005). 
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Effects  of  Excitotoxin  Exposure  on  Metabolic  Rate  of  Primary 
Hippocampal  Cultures:  Application  of  Silicon 
Microphysiometry  to  Neurobiology 

Kathleen  M.  Raley-Susman,’  Karen  R.  Miller,*  John  C.  Owicki,*  and  Robert  M.  Sapolsky' 

’Department  of  Biological  Sciences,  Stanford  University,  Stanford,  California  94305  and  ^Molecular  Devices  Corporation, 
Menlo  Park,  California  94025 


Increasing  evidence  implicates  glutamate  receptor  over¬ 
stimulation  in  the  neurotoxicity  associated  with  a  host  of 
metabolic  insults,  including  seizures  and  hypoxia-ischemia, 
To  begin  to  understand  more  completely  the  role  of  energy 
metabolism  in  the  mechanism  of  neuron  death  following  ex¬ 
citatory  amino  acid  exposure,  we  investigated  the  effects  of 
kainic  acid  exposure  on  metabolic  rate  in  cultured  hippo¬ 
campal  cells  using  a  recently  developed  silicon  microphysi- 
ometer.  The  device  gives  a  continual  real-time  measure  of 
metabolism  in  relatively  small  numbers  of  cells,  as  assessed 
by  efflux  of  protons  generated  at  least  in  part  by  ATP  hy¬ 
drolysis  and  lactic  acid  production.  In  the  first  half  of  this 
report,  we  characterize  the  feasibility  of  using  this  device 
for  measuring  cellular  metabolism  in  hippocampal  cultures. 
Metabolic  rate  in  both  astrocytes  and  neurons  was  readily 
detectablev  with  a  high  signal-to-noise  ratio.  The  rate  was 
proportional  to  the  number  of  cells  and  was  sensitive  to 
metabolic  enhancement  or  depression.  We  then  utilized  this 
device  to  study  metabolic  responses  to  the  excitotoxin  kai¬ 
nic  acid.  We  observed  a  receptor-mediated,  dose-depen- 
dent  increase  in  metabolic  rate  upon  stimulation  by  kainic 
acid,  with  an  EO^  of  -100  fUA.  Exposure  to  toxic  levels  of 
kainic  acid  for  1 0  min  produced  an  initial  elevation  (for  2  hr) 
in  metabolic  rate  and  then  a  gradual  decline  in  metabolism 
over  the  next  8  hr  that  preceded  a  measurable  loss  of  cell 
viability.  This  study  further  delineates  a  time  window  for  the 
onset  of  kainic  acid-induced  damage.  The  results  clearly 
show  the  feasibility  of  using  silicon  microphysiometry  for 
assessing  metabolism  of  brain  cultures  and  for  exploring  the 
relationship  between  metabolism  and  synaptic  activation. 

Activation  of  glutamate  receptors  is  thought  to  stimulate  neuronal 
energy  consumption  for  the  operation  of  the  cells’  energy-de- 
pendent  ion  homeostatic  mechanisms.  However,  the  metabolic 
consequences  of  glutamate  exposure  under  normal  conditions 
are  not  well  understood,  largely  because  direct  measurement  of 
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metabolic  rate  in  healthy  brain  tissue  is  technically  difficult.  For 
example,  while  in  vivo  studies  have  measured  metabolic  param¬ 
eters,  such  as  ‘■'C-2-deoxyglucose  uptake  (Cremer  et  al.,  1988) 
(which  affords  excellent  cellular  resolution),  the  time  resolution 
necessary  for  responses  to  receptor  activation  is  quite  poor. 
Further,  studies  with  brain  slices  measuring  oxygen  consump¬ 
tion  in  response  to  bath  application  of  glutamate  receptor  ag¬ 
onists  (Nishizaki  et  al.,  1988)  suffer  from  limitations  relating  to 
the  diffusion  of  oxygen  from  the  center  of  tissue  whose  edges 
are  damaged.  These  technical  difficulties  also  limit  the  ability 
to  measure  directly  the  effects  of  toxic  concentrations  of  exci^ 
atory  amino  acids  such  as  glutamate.  This  determination  is 
important  because  it  is  generally  thought  that  exposure  to  ex¬ 
citatory  amino  acids  is  damaging  when  energy  stores  are  exces¬ 
sively  taxed  because  of  overstimulation  of  receptors  (Choi,  1988; 
Novell!  et  al.,  1988).  This  excitotoxicity  hypothesis  rests  on  the 
assumption  that  the  mechanism  of  neuron  damage  is  energetic 
in  nature,  and  yet  few  direct  assessments  of  the  metabolic  effects 
of  excitotoxin  exposure  have  been  undertaken  to  test  this  as¬ 
sumption. 

In  the  present  study,  we  measured  the  metabolic  rate  in  pri¬ 
mary  hippocampal  cultures  in  response  to  kainic  acid  using  a 
silicon  microphysiometer,  a  novel  device  that  allows  for  real¬ 
time,  sensitive  measurement  of  cellular  metabolism  (Parce  et 
al.,  1989;  Owicki  et  al.,  1990).  The  silicon  microphysiometer, 
a  semiconductor-based  instrument,  detects  the  extrusion  of  acidic 
metabolic  products  of  glycolysis,  respiration,  and  ATP  hydro¬ 
lysis  (Parce  et  al.,  1 989),  including  lactic  acid,  CO2,  and  protons. 
In  addition,  the  device  may  detect  transient  proton  fluxes  such 
as  those  caused  by  imbalances  between  ATP  synthesis  and  hy¬ 
drolysis,  or  by  changes  in  intracellular  pH  (Owicki  and  Parce, 
in  press).  Previous  work  has  demonstrated  the  usefulness  of  the 
microphysiometer  for  screening  cellular  responses  to  therapeutic 
drugs,  growth  factors,  and  hormone/neurotransmitter  receptors 
transfected  into  cell  lines  (Parce  et  al.,  1989;  Owicki  et  al.,  1990). 
The  present  report  demonstrates  the  usefulness  of  using  silicon 
microphysiometry  for  studying  neurotransmitter  receptor  ac¬ 
tivation  in  primary  neuronal  cultures  and  demonstrates  a  cor¬ 
relation  between  neurotransmitter  exposure  and  neuronal  me¬ 
tabolism. 

We  show  that  the  microphysiometer  is  sensitive  to  the  met¬ 
abolic  status  of  hippocampal  cultures.  In  addition,  we  observe 
that  acute  exposure  to  kainic  acid  increases  metabolic  rate  in  a 
receptor-specific,  dose-dependent  manner.  Further,  we  observe 
that  toxic  concentrations  of  kainic  acid  cause  a  delayed  decline 
in  metabolic  rate  that  precedes  cell  death. 
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Figure  /.  Schematic  diagram  of  cell- 
containing  chamber.  Metabolic  rate  de¬ 
terminations  are  obtained  from  cells  di¬ 
rectly  above  the  region  illuminated  by 
the  LED  (see  text).  Perfusion  of  exper¬ 
imental  medium  is  under  computer 
control.  The  silicon-based  sensor  forms 
the  bottom  of  the  cell  chamber,  while 
the  conductive  coverslip  forms  the  top 
of  the  chamber. 


Flow  Flow 


Materials- and  Methods 

Buffers.  Cell  cultures  were  maintained  in  Dulbecco’s  modified  Eagle's 
medium  (DMEM;  GIBCO,  Grand  Island,  NY)  containing  5.55  mM 
glucose,  10%  fetal  calf  serum  (PCS;  GIBCO),  and  1%  penicillin,  1% 
streptomycin  (GIBCO).  Twenty-four  hours  prior  to  some  experiments 
(see  Results),  the  medium  was  changed  with  two  washes  of  DMEM 
(Sigma)  containing  the  concentrations  of  glucose  indicated  in  Results. 
For  metabolic  rate  determinations,  microphysiometer  perfusates  con¬ 
sisted  of  a  modified  DMEM  lacking  bicarbonate  to  reduce  the  bufiering 
capacity  of  the  extracellular  medium  to  1  mM  (Owicki  et  al.,  1 990).  The 
concentrations  of  glucose  and  other  constituents  are  as  indicated  in 
Results. 

Culture  preparation.  Cultured  hippocampal  neurons  were  isolated 
according  to  Banker  and  Cowan  (1977)  and  prepared  as  described  pre¬ 
viously  (Sapolsky  et  al.,  1988)  with  modifications.  Briefly,  50-100  hip¬ 
pocampi  from  day  1 8  fetal  rats  were  dissected  from  the  brain,  washed, 
and  enzymatically  and  mechanically  dispersed  with  0.05%  trypsin  (GIB¬ 
CO)  or  0.4%  collagenase  II  (Worthington  Biochemicals,  Freehold,  NJ) 
and  DNase  II  (Sigma)  in  0.1%  BSA  (Calbiochem)  in  HEPES-buffered 
Hank's  balanced  salt  solution  (GIBCO).  Cells  were  plated  to  a  density 
of  approximately  1-2  x  10*  cells/cm^  and  maintained  in  high -glucose 
HEPES-buffered  DMEM  (GIBCO)  with  5%  FCS  (Hyclone  Laboratories, 
Logan,  UT).  The  cells  were  grown  on  poly-D-lysine-coated  conductive 
glass  coverslips.  The  coverslips  were  coated  on  the  cellular  side  with 
indium-tin  oxide  to  provide  a  conductive  surface.  The  coating  did  not 
affect  the  adherence  properties  or  the  viability  of  the  cultures.  Cultures 
were  maintained  for  10  d  in  DMEM  (with  5  mM  glucose)  with  5%  FCS 
at  37®C  in  an  incubator  equilibrated  with  10%  COj.  Cells  were  refed  on 
day  5  with  fresh  medium  containing  30  p%/m\  uridine  (Sigma)  and  1 5 
Mg/ml  fluoro-deoxyuridine  (Sigma)  to  retard  glial  proliferation. 

At  the  time  of  experimentation  (10-15  d),  mixed  cultures  consisted 
of  50-60%  glia,  which  form  a  flat,  discontinuous  monolayer  of  polygonal 
cells  along  the  bottom  of  the  coverglass,  and  40-50%  neurons,  which 
are  phase  bright  and  overlie  the  glial  monolayer.  Morphological  criteria 
for  neurons  and  glia  were  determined  previously  based  on  immuno- 
cytochemical  analysis  with  antisera  to  neuron-specific  enolase  and  glial 
fibrillary  acidic  protein  (Homer  el  al.,  1990).  As  noted  above,  24  hr 
prior  to  experimentation,  cells  were  preireated  with  DMEM  lacking 
serum  and  containing  different  concentrations  of  glucose. 

Glia-enriched  cultures  were  obtained  by  omitting  the  mitotic  inhib¬ 
itors  and  refeeding  the  cultures  every  3-4  d  for  4  weeks.  This  treatment 
resulted  in  a  confluent  layer  of  flat,  polygonal-shaped  cells  and  no  over- 
lying  phase-bright  neuronal  cells. 


Measurement  of  cellular  metabolic  rate.  Metabolic  rales  of  hippocam¬ 
pal  mixed  cultures  were  measured  using  the  silicon  microphysiometer, 
as  has  been  described  in  detail  elsewhere  (Parce  ei  al.,  1989;  Owicki  et 
al.,  1990).  Briefly,  coverslips  containing  cells  were  placed  in  a  low- 
volume  flow  chamber,  one  side  of  which  is  a  silicon-based  light-ad¬ 
dressable  potentiometric  sensor  that  measures  small  changes  in  extra¬ 
cellular  medium  pH.  The  other  side  of  the  chamber  is  the  cell-bearing 
coverslip,  which  is  coated  with  indium-tin  oxide  to  create  a  conductive 
surface.  Cultures  were  perfused  with  a  low-buffering-capacity  (1  mM) 
medium  at  1 5  ^l/niin  for  1 50  sec,  followed  by  a  100  sec  period  of  halted 
flow.  The  perfusion/halt  cycle  was  controlled  by  an  IBM  PC  interface. 

Metabolic  rate  was  determined  as  the  rale  of  acidification  of  the 
external  medium  during  the  brief  halt  ( 1 00  sec)  in  the  perfusion.  Pre¬ 
vious  studies  have  shown  that  the  rate  of  acidification  of  the  external 
medium  is  a  sensitive  index  of  metabolic  rale  in  various  cell  types  (Parce 
et  al.,  1989)  and  correlates  well  with  other  indices  of  metabolism,  in¬ 
cluding  lactate  production  and  oxygen  consumption.  Acidification  rates 
of  the  medium  were  measured  at  regions  of  the  silicon/electrolyte  in¬ 
terface  using  a  light-emitting  diode  (Fig.  1 ).  The  rate  of  acidification 
was  determined  as  the  slope  of  a  linear  least-squares  fit  to  the  relation 
of  pH  versus  time  (sec).  The  perfusion  then  resumed,  allowing  the  pH 
of  the  medium  to  return  to  basal  levels  (within  10-15  sec  of  perfusion 
onset).  Multiple  determinations  of  the  acidification  rate  were  obtained, 
and  the  data  are  expressed  as  the  average  of  5-10  such  determinations 
at  a  given  lime  point  (see  Results). 

In  some  experiments,  we  used  a  version  of  the  microphysiometer  that 
utilized  an  He-Ne  laser  beam,  projected  through  the  optics  of  a  micro¬ 
scope  (Parce  el  al.,  1989),  to  illuminate  a  total  sensing  region  of  1  mm^ 
of  the  silicon  light-addressable  sensor.  This  setup  allowed  us  to  select 
fields  with  particular  cell  densities  and  that  were  enriched  with  particular 
cell  types  (astrocytes  or  neurons). 

Drug  treatments.  As  indicated  above,  for  experiments  investigating 
the  effects  of  substrate  availability  on  basal  metabolic  rate,  cultures  were 
pretreated  24  hr  prior  to  experimentation  with  the  indicated  glucose 
concentration.  The  effects  of  cyanide  or  kainic  acid  on  metabolic  rate 
were  studied  by  injecting  the  indicated  solutions  into  the  tubing  leading 
to  the  cell  chambers  on  the  microphysiometer.  All  solutions  were  warmed 
to  37®C  and  adjusted  to  pH  7.4  with  NaOH  or  HCl.  Cells  were  exposed 
to  the  solutions  for  the  times  indicated  in  Results. 

LDH  assay.  Al  the  conclusion  of  some  experiments,  coverslips  were 
removed  from  the  microphysiometer  and  placed  in  lysis  buffer  (0,1% 
Triton  X-100)  overnight  at  4®C.  Cell  lysates  were  assayed  for  lactate 
dehydrogenase  (LDH)  activity  as  described  previously  (^polsky  et  al., 
1988).  Cellular  lysates  could  be  stored  at  4®C  for  several  ^ys  with  no 
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significant  loss  of  activity.  Enzyme  activity  was  measured  as  a  decr^K 
in  absorbance  (corresponding  to  the  amount  of  NADH  present)  at  340 
nm  in  a  Beckman  DU-64  spectrophotometer  (Sapolsky  ct  al.,  1988). 
LDH  is  a  biologically  stable  marker  whose  activity  correlates  linearly 
with  cell  number  (Koh  and  Choi,  1987).  We  measured  residual  LDH 
remaining  in  undamaged  cells  (Sapolsky  et  al.,  1988). 

Data  analysis  and  statistics.  Data  are  presented  as  either  the  average 
metabolic  rate  (an  average  of  5-10  rate  determinations  prior  to  exper¬ 
imental  manipulation,  mean  ±  SEM)  or  as  the  percentage  of  the  average 
basal  metabolic  rate  for  the  cells  on  a  single  coverslip,  as  indicated. 
Statistical  analyses  are  delineated  in  Results  and  figure  captions. 

Results 

Assessment  of  microphysiometry  for  measurement  of 
metabolic  rate  in  primary  hippocampal  cultures 
The  metabolic  rate,  as  measured  by  the  rate  of  acidification  of 
the  medium,  was  21J  ±  3.7  /itV/sec  when  the  total  sensing 
region  was  filled  with  confluent  cultures  of  astrocytes,  and  1 14.3 
±  10  ^V/sec  when  the  sensing  region  was  focused  on  primarily 
neuronal  clusters  in  mixed  culture  (Table  1).  These  rates  rep¬ 
resented  cellular  responses,  as  cell -free  coverslips  and  coverslips 
whose  cells  were  lysed  and  removed  with  either  water  or  0.2% 
trypsin  showed  background  noise  of  1.25  ±  0.31  mV/scc.  Fur¬ 
ther,  the  metabolic  rate  was  proportional  to  the  percentage  of 
the  total  sensing  field  covered  by  cells  (Fig.  2).  A  specific  cellular 
signal  (i.e.,  above  the  95%  confidence  interval  of  the  signal  from 
cell- free  background)  was  detectable  when  as  little  as  20%  of 
the  1  mm^  total  sensing  region  was  occupied  with  mixed  cultures 
at  the  Slated  plating  density  (see  Materials  and  Methods). 

Prelreatment  of  cultures  with  different  concentrations  of  glu¬ 
cose  altered  the  basal  metabolic  rate  (Fig.  3A).  Hyperglycemic 
conditions  significantly  enhanced  metabolic  rale,  while  24  hr 
prelreatment  with  0  mM  glucose  substantially  reduced  the  met¬ 
abolic  rale.  Visual  inspection  of  these  cultures  revealed  an  es¬ 
sentially  complete  loss  of  overlying  neurons  in  this  aglycemic 
state,  although  some  glia  remained.  The  remaining  metabolic 
rate  recorded  under  these  circumstances  agreed  well  with  what 
would  be  expected  from  a  pure  astrocyte  culture  (see  Table  1 ). 

Cyanide  (2  mM)  in  the  perfusate  for  2  hr  reduced  metabolic 
rate  32%  (Fig.  35),  indicating  the  sensitivity  of  the  cultures  to 


Figure  2.  Metabolic  rate  measurements  are  proportional  to  cell  den¬ 
sity.  Mixed  hippocampal  cultures  were  plated  on  coverslips  in  a  con¬ 
centrated  area  using  a  cloning  ring.  A  low-volume  flow  chamber  con¬ 
taining  the  coverslip  was  mounted  on  a  microscope  stage,  and  the  beam 
from  an  He-Ne  laser  was  projected  through  the  optics  of  the  microscope 
as  described  by  Farce  et  al.  ( 1 989).  Acidification  rates  were  thus  recorded 
from  cells  directly  over  the  I  mm^  region  of  the  silicon  light-activated 
sensor  illuminated  by  the  laser.  We  could  move  the  microscope  stage 
and  thus  manipulate  the  portion  of  the  coverslip  from  which  we  gathered 
metabolic  rate  data.  The  cells  were  plated  in  the  center  of  the  coverslip, 
so  that  a  sharp  boundary  existed  between  coverslips  with  and  wthout 
cells.  We  moved  the  stage  so  that  an  increasing  fraction  of  the  illumi¬ 
nated  field  contained  cells.  The  microscope  stage  was  moved  by  pre¬ 
determined  amounts  to  vary  the  percentage  of  the  fixed  measurement 
area  containing  cells.  The  fraction  of  the  measurement  area  containing 
cells  was  estimated  using  an  ocular  grid.  Data  represent  the  average 
metabolic  rate  determinations  for  three  separate  experiments.  Linear 
regression  analysis:  “  0.955;  p  <  0.01. 

disruption  of  oxidative  metabolism.  Thus,  these  experiments 
show  that  the  microphysiometer  is  sensitive  to  changes  in  the 
metabolic  status  of  mixed  cultures.  Treatments  that  increase  the 
supply  of  glucose  increase  the  metabolic  rate  in  a  dose-depen¬ 
dent  manner,  while  treatments  that  interfere  with  metabolism 
decrease  the  metabolic  rate. 


Table  1.  Effect  of  kainic  acid  on  metobolic  rate  in  mixed 

and  pure  astrocytic  cultures 

n 

Average  basal 
rate  (mV/scc) 

Average  rate 
in  treatment 
(MV/sec) 

Percentage 
increase  in 
basal  rate 

Mixed  cultures 

500  mm  KA 

4 

U4.3  ±  10 

191.4  ±  12*** 

71.4  ±  9‘* 

500  mm  KA  + 

1  mM  KYN  acid 

4 

96  ±  18 

104.5  ±  17 

9.8  ±  2* 

Astrocyte  cultures 

500  mm  KA 

7 

27.7  ±  3.7 

36.6  ±  5»** 

31.7  ±  4.9“ 

Mixed  hippocampal  cultures  (see  Maienals  and  Meinoas;  or  pure  i?  % 

loaded  into  microphysiometer  chambers  and  exposed  to  kainic  acid  (KA)  as  described  in  ^  , 

culture  data  are  panted  from  clusters  of  primarily  neurons  isolai^  with  the  laser  pr^ure 
and  Methods  and  in  the  caption  to  Figure  2.  The  astrocytic  culture  data  were  obtained  from  pure  astrocyte  cultures^ 
Sienificant  ip  <  0.00 1 )  increase  in  metabolic  rate  when  compared  with  the  basal  rate  using  Student’s  /  test  for  ^ined 
sample.  ANOVA  comparison  of  the  percentage  increase  in  basal  rates  across  treatments  was  staustically  significan 


ip  <  0.001).  ^  .  .  . 

-  Statistically  significant  difference  ip  <  0.05)  between  the  percentage  increase  in  basal  rate  of  neurons  as  compared  with 

glial  cultures  using  the  Fisher  PLSD  test. 

^  Statistically  significant  ip  <  0.05)  difference  between  the  neuronal  responses  to  KA  in  the  absence  as  compared  to  the 
presence  of  kynurenic  acid  (KYN)  using  the  Fisher  PLSD  test. 
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Figure  3.  Metabolic  rate  is  sensitive  to  substrate  availability.  A,  Mixed 
hippocampal  cultures  were  pretreated  24  hr  prior  to  the  experiment 
with  DMEM  containing  different  concentrations  of  glucose  (0,  0.25,  5, 
or  25  mM).  Metabolic  rate  determinations  were  made  in  bicarbonate- 
free  DMEM  with  the  same  concentrations  of  glucose.  ANOVA  revealed 
a  significant  glucose  effect  {p  <  0.0001).  *,  p  <  0.05  when  compared 
against  the  normal  <5  mM)  glucose  group  with  the  Fisher  PLSD  test.  B, 
Cells  were  acutely  exposed  to  2  mM  cyanide  for  2  hr  during  the-metabolic 
rate  determinations.  Rates  were  compared  with  basal  rates  using  a  paired 
Student’s  t  test  (*•*,  p  <  0.0001).  Data  in  both  figures  represent  average 
metabolic  rate  (#xV/sec;  see  Materials  and  Methods)  determinations  for 
five  to  seven  separate  experiments. 

Effects  of  kainic  acid  on  metabolic  rate  of  hippocampal 
mixed  cultures 

Acute  exposure  (5-10  min)  of  mixed  cultures  to  500  mm  of  kainic 
acid  increased  metabolic  rate  (Fig.  4,  Table  1).  Upon  removal 
of  the  kainic  acid,  the  metabolic  rate  returned  to  basal  levels. 
Repeated  exposures  evoked  similar  changes  in  metabolic  rate. 
With  more  prolonged  kainic  acid  exposure,  the  metabolic  re¬ 
sponse  eventually  began  to  wane  (Fig.  4).  The  response  included 
both  neuronal  and  glial  components,  as  pure  astrocyte  cultures 
were  also  responsive  to  the  drug  (Table  1).  Parallel  experiments 
(using  the  laser  setup  described  in  the  caption  to  Fig.  2,  with 


50  H - - - 1 - * - 1 

0  100  200 
Time  (min) 

Figure  4.  Kainic  acid  increases  metabolic  rate.  Coverslips  containing 
mixed  hippocampal  cultures  were  loaded  into  chambers  of  the  micro- 
physiometer.  Regions  of  predominantly  neurons  were  focused  upon 
using  the  laser  setup  described  in  Materials  and  Methods  and  the  caption 
to  Figure  2.  A  steady  basal  metabolic  rate  was  determined  for  the  first 
30  min  to  1  hr  after  chamber  assembly.  Where  indicated,  a  500  mm 
kainic  acid  (KA)  solution  (in  bicarbonate-free  DMEM,  pH  7.4)  was 
injected  into  the  chambers  using  a  750  m1  injection  loop.  Measurements 
in  response  to  acute  (3-5  min)  exposures  were  obtained,  and  the  solution 
was  switched  to  normal  bicarbonate-free  DMEM  lacking  the  drug.  Sus¬ 
tained  exposure  to  kainic  acid  was  obtained  by  switching  the  bathing 
solution.  Data  are  representative  of  three  similar  experiments. 


which  it  is  possible  to  focus  on  isolated  clusters  of  neurons, 
relatively  free  from  the  presence  of  glia)  indicated  that  neurons 
were  more  responsive  to  kainic  acid  than  glia  (Table  1). 

The  response  to  kainic  acid  appeared  glutamate  receptor  me¬ 
diated,  as  it  was  prevented  by  1  mM  kynurenic  acid  (Fig.  5, 
Table  1).  It  is  important  to  note  that  1  mM  kynurenic  acid  blocks 
all  subtypes  of  the  glutamate  receptor  (Ganong  et  al.,  1983). 
Thus,  these  results  do  not  distinguish  between  a  direct  action 
of  kainic  acid  on  the  kainate  receptor  subtype  to  increase  met¬ 
abolic  rate  or  a  secondary  effect  from  depolarization  and  sub¬ 
sequent  activation  of  additional  glutamate  receptor  subtypes 
(such  as  the  NMDA  receptor).  Finally,  the  metabolic  response 
to  kainic  acid  was  dose  dependent  (Fig.  6),  with  an  estimated 
ECjo  of  100  mm  in  this  paradigm. 

Overstimulation  of  glutamate  receptors,  including  the  kainic 
acid  receptor,  is  neurotoxic  (Coyle  et  al.,  1981;  Rothman  et  al., 
1987;  Frandsen  et  al.,  1989).  Presumably,  such  overstimulation 
produces  ion  imbalances  with  which  the  cell  cannot  cope  be¬ 
cause  energy-dependent  ion  homeostatic  mechanisms  are  not 
fueled  sufficiently  with  ATP.  These  ideas  predict  that  overstimu¬ 
lation  of  kainic  acid  receptors  should  produce  an  initial  stim¬ 
ulation  of  cellular  metabolism,  which  the  ceils  cannot  maintain; 
this  was  observed  when  cells  were  exposed  continuously  to  a 
toxic  dose  (2.5  mM)  dose  of  kainic  acid  for  up  to  8  hr  (Fig.  7). 

Because  a  sustained  exposure  to  kainic  acid  is  a  rather  severe 
and  unphysiological  insult,  we  next  exposed  cells  to  a  10  min 
pulse  of  2.5  mM  kainic  acid  (an  exposure  that  is  still  toxic)  and 
allowed  cells  to  recover  in  normal  perfusate  lacking  the  drug 
(Fig.  8).  At  5  hr  recovery,  when  the  metabolic  rate  was  signif¬ 
icantly  decreased  relative  to  baseline  (Fig.  8),  LDH  measure¬ 
ments  indicated  no  significant  loss  of  cell  viability  relative  to 
unexposed  cultures  (Fig.  8  inset).  Thus,  a  decrease  in  metabolism 
appears  to  precede  measurable  cell  loss. 
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Figure  5.  The  kainic  acid-induced  increase  in  metabolic  rate  is  recep¬ 
tor  mediated.  Coverslips  containing  mixed  hippocampal  cultures  were 
loaded  into  chambers  of  the  microphysiometer,  and  a  steady  bawl  met- 
abolic  rate  from  predominantly  neurons  (see  the  caption  to  Figure  4) 
was  determined.  Where  indicated,  a  500  mm  kainic  acid  {KA)  solution 
(pH  7.4)  in  the  presence  or  absence  of  1  mM  kynurenic  acid  (KYN),  a 
glutamate  receptor  antagonist,  was  injected  using  injection  loops  of  750 
mI  vol.  Several  measurements  were  obtained,  and  the  solution  was  re¬ 
turned  to  normal  bicarbonate-free  DMEM  lacking  drugs.  Kynurenic 
acid  at  1  mM  had  only  a  very  small  effect  (see  Table  1)  on  metabolic 
rate.  Data  shown  are  representative  of  three  separate  experiments. 


Figure  6.  The  kainic  acid-induced  increase  in  metabolic  rate  is  dose 
dependent.  Mixed  hippocampal  cultures  were  exposed  to  sequential 
(from  lowest  to  highest  concentrations)  injections  of  different  concen¬ 
trations  of  kainic  acid  (KA;  pH  7.4).  Several  measurements  at  each 
concentration  were  obtained,  and  the  cells  were  allowed  to  recover  in 
normal  bicarbonate-free  DMEM  until  a  steady  basal  rate  was  again 
obtained  between  each  injection  of  the  drug.  Responses  were  calculated 
as  the  percentage  of  the  basal  metabolic  rate  for  each  coverslip  and 
presented  versus  the  log  of  the  kainic  acid  concentration.  Data  shown 
are  the  average  of  n  =  6  similar  experiments. 


Discussion 

Application  of  silicon  microphysiometry  to  neurobiology 
We  used  a  silicon  microphysiometer  to  measure  the  metabolic 
rale  of  mixed  hippocampal  cultures.  Our  data  indicate  some  of 
the  advantages  and  likely  limitations  of  this  technology  when 
applied  to  neuronal  cultures.  Previous  studies  have  shown  that 
this  device,  which  measures  the  rale  of  acidification  of  the  ex¬ 
tracellular  perfusate,  provides  a  sensitive  index  of  overall  cel¬ 
lular  metabolic  rate;  the  acidification  rate  is  proportional  to 
lactate  production  and  oxygen  consumption  (Parce  et  al.,  1989; 
Owicki  el  al.,  1990).  In  this  study,  we  demonstrated  the  sensi¬ 
tivity  of  this  device  for  use  with  primary  hippocampal  cultures. 
Basal  metabolic  rates  far  above  background  could  be  detected 
in  pure  astrocytic  cultures  and  in  detection  fields  filled  primarily 
with  neurons.  The  neuronal  metabolic  rate  was  approximately 
four  times  higher  than  the  astrocytic  rate  (this  is  likely  to  be  an 
underestimate  because  of  the  presence  of  some  astrocytes  in  the 
primarily  neuronal  fields,  and  the  fact  that  such  neuron-rich 
clusters  did  not  fill  the  total  sensing  region).  The  smaller  rate  in 
astrocyte  cultures  compared  with  neuronal  clusters  could  reflect 
a  different  cell  density,  as  glia  are  flattened  and  take  up  a  greater 
surface  area  on  the  coverslips  than  do  the  neurons.  It  was  not 
possible  in  this  study  to  determine  metabolic  rate  on  a  per  cell 
basis;  a  more  detailed  analysis  of  these  differences  is  under  way. 
The  rate  of  acidification  of  the  external  medium  was  propor¬ 
tional  to  the  size  of  the  cell-containing  field  overlying  the  light- 
addressable  potentiometric  sensor,  and  the  rale  represents  cel¬ 
lular  acid  extrusion,  as  the  rate  was  abolished  when  the  cells 

were  lysed.  r  n  n  i 

The  acidification  rate  comprises  a  summation  of  all  cellular 

processes  involving  acid  extrusion.  In  most  cells,  this  measure 
would  indicate  lactate  and  CO,  produclion/extrusion,  proton 
production/extrusion  from  ATP  hydrolysis,  and  proton  extru¬ 
sion  mechanisms  unrelated  to  energy  metabolism.  Previous  work 


with  other  cell  types  demonstrated  that  the  acidification  rate 
was  quite  similar  to  the  rate  of  O2  consumption  and  the  rate  of 
lactate  production  (Parce  et  al.,  1 989).  Those  data  indicated  that 
the  acidification  rate  includes  both  aerobic  and  anaerobic  me¬ 
tabolism  components.  Indeed,  our  results  with  cyanide,  used  at 


Figure  7.  Effect  of  sustained  exposure  to  kainic  acid.  Mixed  hippo¬ 
campal  cultures  were  exposed  to  2.5  mM  kainic  acid  (pH  7.4)  beginning 
at  /  =  0  hr.  The  average  metabolic  rale  was  determined  at  the  times 
indicated  and  presented  as  a  percentage  of  the  average  basal  metobolic 
rate  (see  Materials  and  Methods).  Data  represent  the  averages  of  n  -  8 
separate  experiments.  Average  basal  metabolic  rate  was  1 60.6  ±  1 8  m 
sec.  Open  symbols  indicate  mixed  cultures  exposed  to  2.5  mM  kaimc 
acid  at  /  =  0,  and  the  solid  symbols  indicate  control  cultures  not  exposed 
to  kainic  acid.  Two-factor  ANOVA  revealed  a  significant  effect  of 
acid  over  time,  when  compared  with  untreated  cultures  (p  <  0.0005). 
The  asterisk  indicates  a  significant  difference  between  the  response  to 
kainic  acid  and  the  basal  metabolic  rate  (p  <  0.05)  with  the  Fisher  PLSD 
test.  There  was  no  significant  effect  of  time  on  metabolic  rate  in  untreated 
cultures. 
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ii 

Kainic  Acid  Control 

inset 


Figure  8,  Effect  of  10  min  exposure  to  2.5  mM  kainic  acid.  Mixed 
hippocampal  cultures  were  exposed  to  2.5  mM  kainic  acid  (pH  7.4)  for 
10  min  al  /  =  0  and  then  returned  to  normal  perfusion  medium  for  the 
recovery  times  indicated.  Data  represent  the  average  of  n  =  3  separate 
experiments.  Data  are  presented  as  the  average  metabolic  rate  (^V/sec); 
see  Materials  and  Methods.  Average  basal  metabolic  rate  was  213.3  ± 
29  mV/scc.  ANOVA  revealed  a  significant  decline  in  metabolic  rate  (p 
<  0.0037).  The  asterisk  indicates  statistical  significance  {p  <  0.05)  when 
compared  with  basal  rates  (r  =  - 1  hr)  using  Fisher  PLSD  test.  Inset, 
Cultures  were  exposed  to  2.5  mM  KA  or  vehicle  (DMEM)  for  10  min 
as  described  above,  and  at  5  hr  after  the  exposure,  coverslips  were 
removed  and  prepared  for  LDH  determination  as  described  in  Materials 
and  Methods.  LDH  values  are  presented  relative  to  the  average  control 
value  in  n  =  6->8  separate  experiments.  No  statistical  difference  when 
compared  using  Student’s  t  test  for  unpaired  samples. 


a  concentration  sufficient  to  interfere  maximally  with  oxygen- 
dependent  metabolism  (Olesen,  1986),  indicate  that  a  propor¬ 
tion,  but  by  no  means  all,  of  the  acidification  rate  represents 
aerobic  metabolism  in  hippocampal  mixed  cultures.  The  actual 
contribution  of  aerobic  metabolism  to  the  metabolic  rate  mea¬ 
sured  in  this  study  may  be  an  underestimate  because  anaerobic 
metabolism  may  have  been  stimulated  to  compensate  for  the 
cyanide-induced  loss  of  oxidative  ATP  production.  Thus,  from 


this  study,  the  actual  percentage  of  the  measurement  that  is 
lactate  production  is  unknown  for  hippocampal  mixed  cultures. 

ATP  hydrolysis  produces  protons,  which  are  extruded  by  sev¬ 
eral  membrane  transport  mechanisms  (Roos  and  Boron,  1981), 
including  the  Na"^/H+  exchanger  in  hippocampal  neurons  (Ra- 
ley-Susman  et  al.,  1991).  There  are  additional,  HCOj-dependent 
mechanisms;  however,  the  nominally  HCOj-free  perfusion  me¬ 
dium  precludes  the  contribution  of  these  transport  mechanisms. 
We  have  shown  previously  that  in  nominally  HC03-free  solu¬ 
tions,  the  primary  mechanism  of  acid  extrusion  is  an  Na*/H^ 
exchanger  (Raley-Susman  et  al.,  1991).  Therefore,  an  important 
consideration  of  the  metabolic  rate  measurement  in  this  study 
is  the  effect  of  neurotransmitters  and  hormones  on  this  acid 
extruder.  For  example,  direct  activation  of  the  NaVH"^  antiport 
would  produce  an  apparent  increase  in  metabolic  rate  using  the 
microphysiometer.  Indeed,  growth  factors,  phorbol  esters,  and 
various  receptor  agonists  have  been  shown  in  other  cell  types 
to  activate  Na^/H^  exchange  activity  (Moolenaar,  1986;  Grin- 
stein  et  al.,  1989).  While  such  an  effect  cannot  be  ruled  out  in 
the  present  study,  glutamate  analogs  transiently  (30  sec)  de¬ 
creased  intracellular  pH,  when  measured  with  a  fluorescent  pH 
indicator;  this  effect  was  very  brief  and  presumably  reflects  di¬ 
rect  proton  influx  via  channel  opening,  or  decreased  activity  of 
the  NaVH^  exchanger  (K.  M.  Raley-Susman,  unpublished  ob¬ 
servations).  Thus,  the  extracellular  acidification  rates,  occurring 
during  and  after  the  brief  effect  on  intracellular  pH,  most  prob¬ 
ably  represent  a  true  increase  in  metabolic  rate. 

Another  important  consideration  in  this  study  is  the  effect  of 
conditions  in  the  microphysiometer  on  mixed  hippocampal  cul¬ 
tures.  Silicon  microphysiometry  necessitates  the  use  of  solutions 
with  very  low  buffering  capacity  (1  mM  PO4,  nominally  bicar¬ 
bonate  free)  in  order  to  detect  sensitively  acidification  of  the 
medium  due  to  cellular  acid  extrusion.  Although  the  cells  do 
not  appear  to  be  extremely  sensitive  to  low  bicarbonate  con¬ 
centrations  (Raley-Susman  et  al.,  1991),  the  long-term  effects 
of  such  low-buffering-capacity  solutions  are  unknown  and  may 
affect  the  normal  response  of  neurons  and  glia.  In  fact,  in  contrast 
to  other  cell  types  (Wada  et  al.,  1991),  we  found  that  metabolic 
rate  in  control  cultures  began  to  decrease  after  10  hr  or  more 
of  constant  perfusion  with  low  buffering  medium.  This  de¬ 
creased  rate  could  reflect  cell  loss  or  hampered  metabolism  re¬ 
sulting  from  prolonged  time  periods  in  low  buffering  medium 
or  from  the  shear  stress  (1  dyne/cm^)  caused  by  the  perfusion. 
Although  this  shear  stress  causes  minimal  changes  in  some  cell 
types  (Levesque  et  al,,  1989),  the  effects  on  neuronal  cultures 
are  unknown.  Further  work  is  ongoing  to  characterize  more  fully 
the  effects  of  low  buffering  medium  and  perfusion  shear  force 
in  hippocampal  mixed  cultures. 

Thus,  secondary  measurements  of  cell  viability,  such  as  LDH 
determination,  are  necessary  to  distinguish  between  a  true  de¬ 
crease  in  metabolic  rate  and  a  decrease  resulting  from  loss  of 
cells.  However,  the  advantages  afforded  by  the  sensitive,  time- 
integrated  measurements  of  metabolism  enable  increased  time 
resolution  of  metabolic  events  evoked  by  neurotransmitter  ac¬ 
tivation. 

Effects  of  kainic  acid  on  cellular  metabolism 

This  is  the  first  direct  demonstration  that  kainic  acid  increases 
metabolic  rate  (^80%)  in  hippocampal  mixed  cultures  in  a  dose- 
dependent  and  receptor-mediated  manner.  This  increase  most 
likely  reflects  the  depolarization-induced  activation  of  energy- 
dependent  ion  extrusion  pumps,  since  kainic  acid  has  been  shown 
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to  induce  changes  in  Na^,  H'",  and  Ca^+  fluxes  (Biziere  and 
Coyle,  1978;  Lothman  and  Collins,  1981;  Ben-Ari,  1985;  La- 
zarewicz  el  al.,  1986;  Kobayashi  et  al.,  1990).  The  estimated 
EC50  for  kainic  acid  in  this  study  (100  mm)  agrees  quite  well  with 
that  for  electophysiological  responses  to  excitatory  amino  acid 
exposure  in  culture  (Koroshetz  el  al.,  1990).  Pure  astrocytic 
cultures  also  exhibited  an  increased  metabolic  rate  upon  ex¬ 
posure  to  kainic  acid,  although  the  increase  was  less  than  half 
the  magnitude  of  that  seen  with  primarily  neuronal  clusters. 
Astrocytes  in  vitro  express  kainic  acid  receptors  (Backus  et  al., 
1989).  The  difference  in  the  intensity  of  the  metabolic  response 
to  kainic  acid  is  intriguing  and  could  relate  to  differences  in 
receptor  density  or  to  differences  in  sensitivity  to  the  excitatory 
amino  acid  (amount  of  depolarization,  changes  in  calcium,  etc.). 
Further,  the  responsiveness  of  glia  to  kainic  acid  in  mixed  cul¬ 
ture  could  be  modified  indirectly  by  the  presence  of  neurons. 

Early  work  suggested  that  neurons  expend  more  than  half  of 
their  ATP  for  the  maintenance  of  ion  homeostasis  (Siesjo,  1978). 
Thus,  activation  of  kainic  acid  receptors,  leading  to  influx  of 
Na"^,  would  be  expected  to  activate  energy-dependent  ion  ex¬ 
truders,  such  as  the  Na^/K^  ATPase  and  NaVCa^-^  exchange 
mechanism,  and  subsequently  activate  cellular  metabolism.  With 
increasing  doses  of  kainic  acid,  the  depolarization  of  neurons 
would  be  sufficient  to  open  voltage-dependent  calcium  channels, 
further  activating  ion  extruders.  The  large  increase  in  metabo¬ 
lism  is  quite  striking  and  suggests  that,  under  conditions  of 
energy  failure,  the  brain’s  ability  to  withstand  neurotransmitter 
activation  could  be  altered. 

In  the  present  study,  we  used  a  concentration  of  kainic  acid 
that  has  been  shown  to  be  neurotoxic  in  other  in  vitro  studies 
(Frandsen  et  al.,  1989;  Galarraga  el  al.,  1990)  and  continuously 
monitored  the  metabolic  response  to  this  exposure.  We  found 
that,  following  the  initial  metabolic  excitation,  metabolic  im¬ 
pairment  began  as  little  as  4  hr  after  a  brief  (10  min)  or  a 
continuous  exposure  to  kainic  acid.  At  these  early  times,  the 
decreased  metabolic  rate  preceded  measurable  cell  lysis,  based 
on  LDH  measurements.  Thus,  the  decline  in  rate  most  likely 
represents  a  true  decrease  in  metabolic  rate.  At  later  lime  points, 
LDH  measurements  also  declined,  indicating  measurable  cell 
lysis  contributing  to  the  decline  in  metabolic  rate.  Is  the  decline 
in  metabolic  rate  (extracellular  acidification)  a  reflection  of  de¬ 
creased  energy  (ATP)  availability  or  a  decreased  cellular  demand 
for  energy?  In  vivo  studies  have  demonstrated  that  excitotoxin 
exposure  produces  a  sustained  increase  in  electrophysiological 
excitability  (McGregor  et  al.,  1990),  increased  oxygen  and  glu¬ 
cose  utilization  (Franck  et  al.,  1986;  Ingvar,  1986;  Siesjo  et  al., 
1986),  and  a  marked  decrease  in  ATP  concentration  (Ingvar, 
1986).  Similarly,  excitotoxins  such  as  kainic  acid  cause  a  de¬ 
crease  in  ATP  levels  in  striatal  slices  (Biziere  and  Coyle,  1978). 
While  these  parameters  have  not  been  measured  in  primary 
hippocampal  cultures  over  the  time  course  utilized  in  this  study, 
this  literature  suggests  that  the  decrease  in  metabolic  rate  would 
seem  to  be  secondary  to  a  decline  in  substrate  availability,  rather 
than  to  decreased  cellular  demand.  This  scenario  is  certainly 
consonant  with  current  thinking  regarding  the  role  of  energy 
depletion  in  excitotoxin-induced  neuron  death. 

Another  important  finding  mentioned  above  is  that  the  mea¬ 
sured  decrease  in  metabolic  rate,  whether  because  of  decreased 
demand  or  decreased  supply,  preceded  cell  death,  as  assessed 
by  LDH  measurement.  These  data  suggest  that  metabolic  im¬ 
pairment  is  delectable  soon  after  excitotoxin  exposure  and  may 
serve  as  a  sensitive  index  of  neurotoxicity.  While  we  have  not 


yet  shown  conclusively  that  this  is  the  case,  earlier  in  vivo  studies 
have  demonstrated  that  the  indices  of  hypermetabolism  and 
substrate  depletion  precede  overt  cell  degeneration  (Franck  et 
al.,  1986;  Ingvar,  1986;  Siesjo  et  al.,  1986;  Woolf,  1987; 
McGregor  et  al.,  1990). 

In  summary,  we  have  shown  the  feasibility  of  using  novel 
silicon  microphysiometry  for  assessing  metabolism  in  brain  cul¬ 
tures.  Given  the  caveats  discussed,  the  sensitivity  of  this  ap¬ 
proach  and  its  capacity  to  provide  real-time  data  suggest  a  broad 
array  of  potential  uses.  Microphysiometry  affords  the  advantage 
of  being  able  to  couple  continual  time-integrated  monitoring  of 
metabolic  rate  with  measurements  of  toxicity  and/or  substrate 
availability,  in  order  to  test  hypotheses  of  the  relationships  among 
these  variables.  In  a  first  application  of  this  technology,  we  have 
demonstrated  that  an  excitotoxin  initially  stimulates  metabolic 
rate  in  hippocampal  mixed  cultures  (in  a  dose-dependent,  re¬ 
ceptor-mediated  manner)  and  then  causes  a  decline  in  metab¬ 
olism  that  precedes  cell  loss.  These  results  delineate  a  time- 
window  for  the  onset  of  excitotoxin-induced  damage  in  vitro. 
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GM-CSF  Triggers  a  Rapid^  Glucose  Dependent 
Extracellular  Acidification  by  TF-1  Cells: 
Evidence  for  Sodium/Proton  Antiporter  and 
PKC  Mediated  Activation  of  Acid  Production 

H.  GARRETT  WADA/  STEPHEN  R.  INDELICATO,  LORRAINE  MEYER, 

TOSHIO  KITAMURA,  ATSUSHI  MIYA|IMA,  GREGORY  KIRK,  VICTORIA  C.  MUIR, 

AND  I.  WALLACE  PARCE 

Moleculjr  Devices  Corporation,  Menlo  f^ark,  Cdlitornis  94025  iH.G.W..  C.K..  V,C.M.. 
I.W.P.):  bcherm^-Pfoui^h  Research.  Blonnvieid.  New  fersev  07003  (5.R.I..  L.M.):  DNAX 
Research  Institute.  Palo  Alto,  (.alitornia  94304  iT.K.,  A.M.) 


The  extracellular  acidification  rate  ot  the  human  bone  marrow  cell  line,  TF-1. 
increases  rapidlv  in  response  to  a  bolus  oi  recombinant  granulocvte-macrophage 
colony  stimulating  ractor  (GM-CSF).  Extracellular  acidification  rates  were  mea¬ 
sured  using  a  silicon  microphysiometer.  This  instrument  contains  micro-flow 
chambers  equipped  with  potentiometric  sensors  to  monitor  pH.  The  cells  are 
immobilized  in  a  fibrin  clot  sandwiched  between  two  porous  polycarbonate 
membranes.  The  membranes  are  part  of  a  disposable  plastic  "cell  capsule"  that  fits 
into  the  microphysiometer  flow  chamber.  The  GM-CSF  activated  acidification 
burst  is  dose  dependent  and  can  be  neutralized  by  pretreating  the  cvtokine  with 
anti-GM-CSF  antibody.  The  acidification  burst  can  be  resolved  kinetically  into  at 
least  two  components.  A  rapid  component  of  the  burst  is  due  to  activation  of  the 
sodium/proton  antiporter  as  evidenced  bv  its  elimination  in  sodium-free  medium 
and  in  the  presence  of  amiloride.  A  slower  component  of  the  GM-CSF  response  is 
a  consequence  of  increased  glycolytic  metabolism  as  demonstrated  by  its  depen¬ 
dence  on  D-glucose  as  a  medium  nutrient.  Okadaic  acid  (a  phospho-serine/ 
threonine  phosphatase  inhibitor),  phorbol  12-myri5tate  I3-dcetate  (PMA,  a  pro¬ 
tein  kinase  C  (PKC)  activator),  and  ionomvcin  (a  calcium  ionophore)  ail  produce 
metabolic  bursts  in  TF-1  cells  similar  to  the  GM-CSF  response.  Pretreatment  of 
TF-1  cells  with  PMA  for  1 8  h  resulted  in  loss  of  the  GM-CSF  acidification  response. 
Although  this  treatment  is  reported  to  destroy  protein  kinase  activity,  we  demon¬ 
strate  here  that  it  also  down-regulates  expression  of  high-affmitv  GM-CSF  recep¬ 
tors  on  the  surface  of  TF-1  cells.  In  addition.  GM-CSF  driven  TF-1  cell  proliferation 
was  decreased  after  the  i  8  h  PMA  treatment.  Short-term  treatment  with  PMA  <1-2 
h)  again  resulted  In  loss  of  the  GM-CSF  acidification  response,  but  without  a 
decrease  in  expression  of  high-affinitv  GM-CSF  receptors.  Evidence  for  involve¬ 
ment  of  PKC  in  GM-CSF  signal  transduction  was  obtained  using  calphostin  C.  a 
specific  inhibitor  of  PKC,  which  inhibited  the  GM-CSF  metabolic  burst  at  a  sub¬ 
toxic  concentration.  Genistein  and  herbimycin  A,  tyrosine  kinase  inhibitors,  both 
inhibited  the  GM-CSF  response  of  TF- 1  cells,  but  only  at  levels  high  enough  to  also 
inhibit  stimulation  by  PMA.  These  results  indicate  that  GM-CSF  activated  extracel¬ 
lular  acidification  of  TF-1  cells  is  caused  by  increases  in  sodium/proton  antiporter 
activity  and  glycolysis,  through  protein  kinase  signalling  pathways  which  can  be 
both  activated  and  down-regulated  bv  PMA.  c  1993  Wiiev-Ubs.  inc. 


Granulocyte-macrophage  colony  stimulating  factor 
(GM-CSF)  is  a  glycoprotein  belonging  to  a  family  of 
cytokines  that  have  stimulatory  effects  on  proliferation 
and  maturation  of  hemopoetic/myeloid  progenitor  cells 
(Gasson,  1991;  Miyajima  et  al.,  1992).  A  variety  of  cel¬ 
lular  responses  to  GM-CSF  receptor  ligation  have  been 
demonstrated.  These  include  activation  of  ras  p21  pro¬ 
tein,  diacylglycerol  release,  translocation  and  activa¬ 
tion  of  protein  kinase  C  (PKC),  sodium/proton  an¬ 
tiporter  activation,  increased  glucose  uptake,  and 

.  1993  WILEY-LISS.  INC. 


subsequent  DNA  synthesis  and  gene  expression  ( Vario 
and  Hamilton,  1991).  Despite  all  of  this  information, 
the  basic  mechanism  by  which  the  GM-CSF  signal  is 
transduced  has  not  been  determined.  A  low-affinity  cell 
surface  receptor  for  human  GM-CSF  was  cloned  and 
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expressed  in  COST  cells  by  Gearing  et  al.  (1989).  Ha- 
yashida  et  al.  (1990)  cloned  a  second  component  that 
conferred  high-affinity  binding  to  hGM-CSF  when  co¬ 
transfected  with  the  low-affinity  receptor.  This  indi¬ 
cates  that  the  structure  of  the  GM-CSF  receptor  is  prob¬ 
ably  similar  to  that  of  the  interleukin-2  (IL-2)  receptor, 
which  is  composed  of  a-  and  3-subunits.  Competitive 
binding  between  interleukin-3  (IL-3)  and  GM-CSF  sug¬ 
gests  that  the  receptors  for  these  cytokines  share  the 
same  3-subunit.  In  fact.  Kitamura  et  al.  ( 1991b)  demon¬ 
strated  that  hIL-3  and  hGM-CSF  receptors  share  a  com¬ 
mon  3'Subunit  by  cloning  c-DNA  for  the  hIL-3  receptor 
a-subunit,  which  reconstituted  the  high-affinity  IL-3 
receptor  when  co-transfected  with  the  hGM-CSF  recep¬ 
tor  3-subunit.  Since  there  is  evidence  for  early  GM-CSF 
and  IL-3  induced  tyrosine  phosphorylation  in  hemopo- 
etic  cells  (Isfort  and  Ihle.  1990;  Evans  et  al.,  1990)  and 
no  consensus  tyrosine  kinase  sequences  were  found  in 
the  cloned  receptor  subunits  ( Hayashida  et  al.,  1990).  it 
has  been  suggested  that  additional  signal  transducing 
elements  are  associated  with  the  IL-3/GM-CSF  receptor 
complex. 

To  further  study  the  mechanism  by  which  the  GM- 
CSF  signal  is  transduced,  we  have  used  a  rapid,  non- 
invasive  method  for  measuring  cellular  responses  to 
GM-CSF.  This  method  involves  measuring  the  rate  of 
extracellular  acidification  in  a  device  called  a  micro- 
physiometer  (Parce  et  al..  1989;  McConnell  et  al.,  1992). 
The  cell  line  used,  TF-1,  is  a  human  bone  marrow  cell 
line  obtained  from  an  erythroleukemia  patient.  It  is 
dependent  upon  GM-CSF,  IL-3,  or  erythropoetin  for 
growth  (Kitomura  et  al..  1989)  and  expresses  about 
2,000  high-affinity  GM-CSF  receptors  per  cell  (Kita¬ 
mura  et  al.,  1991a).  We  have  previously  shown  that 
activating  TF-1  cells  with  GM-CSF  or  IL-3  results  in  a 
rapid  and  dramatic  increase  in  extracellular  acidifica¬ 
tion  rate  (De  Vries  et  al..  1991).  This  result  is  consistent 
with  previous  studies  that  have  shown  activation  of  a 
variety  of  receptors  for  hormones,  growth  factors,  and 
neurotransmitters  to  result  in  a  rapid  increase  in  the 
rate  of  extracellular  acidification  (Parce  et  al..  1989; 
Owicki  et  al..  1990:  McConnell  et  al.,  1991;  Wada  et  al., 
1991;  Raley-Susman  et  al..  1992;  Miller  et  al..  1991). 

In  this  study,  the  GM-CSF  response  was  resolved  into 
two  components:  a  rapid  component  that  corresponds  to 
the  activation  of  the  sodium/proton  antiporter  and  a 
slower  component  that  is  independent  of  the  antiporter 
anrf  dependent  upon  glucose  metabolism.  We  propose 
that  both  components  of  the  increase  in  acidification 
rate  are  triggered  by  protein  kinase  activation.  Experi¬ 
ments  with  phorbol  12-m3nistate  13-acetate  (PMA),  a 
PKC  inhibitor  (calphostin  C),  a  protein  phosphatase 
inhibitor  (okadaic  acid),  a  calcium  ionophore  (ionomy- 
cin),  and  tyrosine  kinase  inhibitors  (genistein  and  her- 
bimvcin  A)  were  conducted,  and  we  report  their  effects 
on  acidification  rates  of  TF-1  cells  and  the  GM-CSF 
activated  acidification  burst.  The  correlation  between 
GM-CSF  driven  cell  proliferation  and  the  GM-CSF  acti¬ 
vated  acidification  burst  is  also  presented. 

MATERIALS  AND  METHODS 
Cells  and  chemicals 

TF-1  ceils  were  established  from  bone  marrow  of  a 
patient  with  erythroleukemia  by  T.  Kitamura  et  al. 


( 1989).  They  were  cultured  in  RPMI 1640  medium  sup¬ 
plemented  with  10%  fetal  bovine  serum  (FBS),  2  mM 
sodium  pyruvate,  50  pM  3-mercaptoethanol,  and  1 
ng/ml  recombinant  hGM-CSF  from  Sandoz/Schering- 
Plough  Corp.  (Bloomfield,  NJ).  Cells  were  deprived  of 
GM-CSF  for  4-24  h  prior  to  testing  in  the  microphysi- 
ometer  by  incubation  in  RPMI  containing  5-10%  FBS. 
PMA  and  4-a-PMA  were  obtained  from  LC  Services 
corporation  (Woburn,  MA)  or  Sigma  (St.  Louis,  MO); 
ionomycin,  calcium  salt  from  Calbiochem  Corp.  (La 
Jolla,  CA);  genistein  from  BioMol  (Philadelphia,  PA); 
herbimycin  A  from  BRL  (Bethesda.  MD);  and  calphos¬ 
tin  C  from  Kamiya  Biochem.  Co.  (Thousand  Oaks,  CA). 
Inhibitors  and  enzyme  activators  were  dissolved  in  sol¬ 
vent  vehicle  at  100  x  working  concentration.  Controls 
were  treated  with  solvent  vehicle  alone. 

Trapping  cells  in  fibrin  clots  and  loading  them 
into  sensor  chambers 

TF-1  cells  were  immobilized  in  a  thin  fibrin  clot  in  a 
cell  capsule  from  Molecular  Devices  Corp.  (Menlo  Park, 
CA)  comprising  two  polycarbonate  membranes  sepa¬ 
rate  by  a  50  p  thick  plastic  spacer.  The  cell  capsule,  a 
disposable  sterile  plastic  assembly  in  which  cells  are 
immobilized,  was  described  earlier  (McConnell  et  al.. 
1991;  Nag  et  al.,  1992).  The  spacer  was  placed  in  the 
capsule  cup;  then  100  pi  of  a  suspension  of  GM-CSF 
deprived  cells  was  centrifuged  at  500g  into  the  capsule 
cup.  The  cells  were  suspended  at  a  density  of  1  x  10  /ml 
in  RPMI  containing  no  bicarbonate  or  serum,  with  10 
mM  HEPES  added.  A  cell  focusing  device  (a  funnel 
shaped  plastic  insert)  was  used  to  direct  the  cells  into  a 
circular  area  (3.7  mm  in  diameter)  at  the  center  of  the 
capsule  membrane.  For  some  experiments,  1  x  10 
cells  were  centrifuged  into  the  capsule  cup  without  the 
cell  focuser.  The  centrifuged  cells  were  overlaid  with  50 
pi  of  a  fibrinogen/thrombin  mixture,  which  would  clot 
in  5-10  min,  immobilizing  the  cells  in  the  capsule  cup. 
A  capsule  insert,  containing  the  top  membrane,  was 
placed  in  the  cup  and  allowed  to  sink  through  the  over- 
lying  medium  onto  the  fibrin  clot;  then  the  assembled 
cell  capsule  was  loaded  into  the  sensor  chamber. 

Measuring  acidification  rates  and  introducing 
cell-affecting  agents 

Once  the  cells  were  loaded  into  the  sensor  chambers. 
Low  Buffer  RPMI  (LB-RPMI)  was  pumped  through  the 
sensor  chambers  at  50  pi  per  min.  LB-RPMI  is  made 
without  bicarbonate  or  serum,  and  contains  1  mM  so¬ 
dium  phosphate,  penicillin/streptomycin,  and  1  mg/ml 
endotoxin-free  human  serum  albumin  (Miles  Labs, 
Elkhart,  IN).  Acidification  rates  in  the  sensor  cham¬ 
bers  were  measured  by  stopping  the  flow  of  medium  for 
20  seconds,  then  monitoring  the  pH  for  an  additional  60 
seconds  with  the  pump  still  off.  The  pump  was  then  nm 
for  60  seconds  to  return  the  sensor  chambers  to  the  pH 
of  the  LB-RPMI  and  remove  waste  products  (Parce 
et  al.,  1989).  By  repeating  the  on-off  cycle,  rate  mea¬ 
surements  were  made  every  2.3  min.  "^e  acidification 
rates  were  measured  in  pV/sec,  which  is  approximately 
equivalent  to  millipH/min.  Before  being  plotted  the 
Aatu  were  normalized  to  the  initial  acidification  rate 
( i.e.,  the  average  rate  prior  to  sample  introduction).  In 
experiments  in  which  medium  components  were  re- 
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moved  or  other  components  were  added,  a  balanced  salt 
solution  il30  mM  sodium  chloride,  3  mM  potassium 
chloride,  1  mM  potassium  phosphate,  0.6  mM  magne¬ 
sium  chloride,  0.3  mM  calcium  chloride,  and  10  mM 
D-glucose)  was  used  in  place  of  LB-RPMI  medium. 
When  sodium-free  medium  was  used,  choline  chloride 
was  substituted  for  sodium  chloride  in  the  balanced  salt 
solution.  A  200  \il  sample  injection  loop  and  a  valve 
were  used  to  introduce  cell  affecting  agents  during 
three  pump-on  cycles,  exposing  the  cells  to  the  agents 
for  7  min. 

Radiolabeled  GM-CSF  cell  binding  assays 

Recombinant  hGM-CSF  produced  in  E,  coli  was  iodi- 
nated  using  the  Bolton  and  Hunter  1 1973)  reagent  with 
minor  modifications  as  described  by  Hayashida  et  al. 
i  1990).  Binding  assays  were  performed  as  follows:  the 
cells  were  incubated  with  iodinated  hGM-CSF  at  4'’C 
for  2  h,  and  cell-bound  radioactivity  was  separated  from 
free  ligand  by  centrifugation  through  n-butyl  phtalate. 

TF-1  ceil  proliferation  assays 

Cellular  proliferation  was  measured  as  described  by 
Mossman  (1983)  with  slight  modifications.  TF-1  ceils 
were -taken  from  48  h  cultures  and  washed  in  assay 
medium  (RPMI 1640  supplemented  as  described  above, 
containing  no  GM-CSF  and  only  5%  FBS).  Cells  were 
diluted  to  2  X  10®  cells/ml  in  aliquots  of  assay  medium 
containing  a  range  of  PMA  concentrations  from 
1  X  10"®  to  1.6  X  10"“  M,  then  distributed  into  wells 
of  a  96-well  microtiter  plate.  A  control  without  PMA 
was  also  nm.  The  plates  were  incubated  for  18  h  at 
37*C,  5-6%  CO2.  Following  the  initial  incubation  in 
PMA,  GM-CSF  (4  ng/ml)  was  added  to  selected  wells  of 
the  assay  plates  and  the  plates  were  further  incubated 
for  24  h.  Following  the  second  incubation,  MTT  (3-(4,5- 
dimethy lthiozol-2-y  1  )-2,5-dipheny l-tetrazolium  bromide ) 
was  added  to  the  plates  to  a  final  concentration  of  1.25 
mg/ml.  The  cells  were  incubated  for  an  additional  6  h 
before  the  reaction  was  stopped  and  the  formazan  prod¬ 
uct  solubilized  with  100  ^jlI; well  of  10%  sodium  dodecyl- 
suifate  solution  in  0.01  N  hydrochloric  acid  (Tada  et  al., 
1986).  Optical  density  was  measured  with  a  microplate 
reader  at  570  nm  with  background  reading  at  650  nm 
subtracted  from  the  results. 

RESULTS 

Acidification  response  of  TF-1  cells  to  GM-CSF 

When  TF-1  cells  that  had  been  deprived  of  GM-CSF 
for  18  h  were  exposed  to  the  cytokine  for  7  min,  a  dose 
dependent  increase  in  acidification  rate  was  observed 
(Fig.  lA).  Pre-incubation  of  the  GM-CSF  with  10  fig/ml 
anti-GM-CSF  antibody  completely  blocked  the  cyto¬ 
kine  induced  increase  in  acidification  rate  (Fig.  IB). 
Subsequent  addition  of  GM-CSF  to  the  cells  that  had 
been  previously  exposed  to  the  antibody-cytokine  com¬ 
plexes  resulted  in  a  normal  acidification  response,  dem¬ 
onstrating  that  the  immune  complexes  had  no  adverse 
effect  on  the  cells’  ability  to  respond  to  cytokine.  The 
amplitude  of  the  response  shown  in  Figure  IB  was  con¬ 
siderably  larger  than  that  shown  for  the  highest  con¬ 
centration  of  GM-CSF  in  Figure  lA.  This  amplitude 
variation  appears  to  be  related  to  the  number  of  days 
since  GM-CSF  containing  medium  was  last  added  to 


.2 

c 

£ 

o 

c3 

oc 


•o 

'o 

< 


Time  (min) 


Fi(f-  1-  Stimulation  of  extracellular  acidification  rate  by  hGM-CSF. 
TF-1  cells  were  cultured  overnight  in  medium  without  GM-CSF.  Cells 
were  loaded  into  sensor  chambers  as  described  in  Materiala  and  Meth¬ 
ods:  then  the  acidification  rates  were  monitored  for  1  h  until  they 
stabilized.  A:  The  cells  were  exposed  at  time  zero  to  a  bolua  of  GM-CSF 
for  7  min.  as  indicated  by  the  gray  bar.  Each  sensor  chamber  was 
exposed  to  a  different  concentration  of  GM-CSF :  0  ng/ml  (open  circles). 
0.1  ng/ml  (closed  squares).  1  ng/ml  (open  squares),  and  10  ng/ml 
I  closed  circles).  Before  being  plotted  the  rates  were  normalized  to  the 
basal  acidification  rate  ( i.e..  the  average  rate  prior  to  sample  introduc¬ 
tion).  B:  Cells  were  exposed  at  time  zero  to  a  6  min  bolus  of  10  ng/ml 
GM-CSF  that  had  been  pre-incubated  with  10  p-g/mi  purified  anti- 
GM-CSF  sheep  antibody  for  30  min  at  3TC  (closed  circles).  In  a  second 
chamber,  ceils  were  exposed  to  a  bolus  of  10  ng/ml  GM-CSF  that  had 
undergone  a  sham  incubation  with  medium  (open  circles).  In  a  second 
treatment,  ceils  in  both  chambers  were  exposed  to  a  bolus  of  10  ng/ml 
GM-CSF.  The  data  presented  here  are  from  a  single  experiment,  rep¬ 
resentative  of  two  separate  runs. 


the  culture  and  the  length  of  time  the  cells  were  main¬ 
tained  in  the  complete  absence  of  GM-CSF  prior  to  mi- 
crophysiometer  experiments.  GM-CSF  deprivation  ar¬ 
rests  TF-1  cell  growth  and  depresses  the  basal 
acidification  rate.  The  extent  to  which  cells  are  de¬ 
prived  of  cytokine  determines  the  degree  to  which  the 
basal  rate  is  depressed  and,  therefore,  the  magnitude  of 
the  GM-CSF  response  which  is  expressed  as  a  percent¬ 
age  of  basal  rate.  TTie  use  of  normalized  values,  percent 
of  basal  acidification  rate,  was  necessary  since  there 
was  some  variation  (^20%)  in  absolute  rate  (millipH 
units/min)  due  to  variation  in  numbers  of  cells  loaded 
into  the  reading  area  of  the  instrument.  Optimum  re- 
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sponse  to  cvtokine  was  obtained  after  3  days  in  culture 
with  1  ng/ml  GM-CSF  followed  by  18  to  24  h  of  GM-CSF 
deprivation  (data  not  shown).  Variation  in  response  be¬ 
tween  sensor  chambers  using  the  same  cell  preparation 
was  minimal.  TF-1  cells  from  a  single  culture  tlask 
were  divided  and  placed  in  3  parallel  chambers.  All 
three  chambers  were  exposed  to  5  ng/ml  GM-CSF.  The 
basal  acidification  rate  ranged  from  90  to  120  p-V/s.  and 
the  average  percent  increase  in  rate  due  to  GM-CSF 
addition  was  28%  with  a  2%  SEM.  In  earlier  studies 
using  CHO  cells  transfected  with  the  p2-adrenergic  re¬ 
ceptor  (Owicki  et  al.,  1990),  variation  of  the  acidifica¬ 
tion  response  to  agonist  as  measured  by  the  microphys- 
iometer  was  found  to  be  2.5%  SEM  for  6  runs  conducted 
over  16  days. 

Evidence  for  activation  of  the  sodium/proton 
antiporter 

The  acidification  response  of  TF-1  cells  to  GM-CSF 
can  be  resolved  kinetically  into  two  components  at  high 
concentrations  of  cytokine:  a  low  amplitude  short-lived 
response  and  a  higher  amplitude  longer-lived  response. 
This  was  demonstrated  by  exposing  TF-1  cells  to  a  bo¬ 
lus  of  GM-CSF  in  the  presence  and  absence  of  sodium, 
as  shown  in  Figure  2 A.  The  characteristic  profile  of  the 
GM-CSF  metabolic  response  was  obtained  using  bal¬ 
anced  salts  supplemented  with  D-glucose.  When  so¬ 
dium  was  omitted  from  the  solution  and  replaced  with 
choline  to  maintain  osmotic  balance,  the  response  lost 
the  short-lived  component.  This  component  of  the  re¬ 
sponse  is  represented  in  Figure  2A  by  plotting  the  dif¬ 
ference  between  responses  obtained  in  the  presence  and 
absence  of  sodium.  However,  the  difference  between  the 
GM-CSF  responses  with  and  without  sodium  disap¬ 
peared  (Fig.  2B)  when  amiloride  was  present  at  a  con¬ 
centration  known  to  block  the  sodium/proton  antiporter 
(Paris  and  Pouyssegur,  1983). 

Glucose  dependence  of  the  GM-CSF  activated 
acidification  response 

The  glucose  dependence  of  the  GM-CSF  metabolic 
burst  was  investigated  using  balanced  salt  solution 
with  or  without  10  mM  glucose.  The  cells  were  loaded 
into  the  microphysiometer  using  LB-RPMI  medium, 
then  monitored  until  the  acidification  rates  had  stabi¬ 
lized.  At  this  time,  the  LB-RPMI  was  replaced  with 
balanced  salt  solution,  with  or  without  D-glucose.  As 
shown  in  Figure  3,  in  the  absence  of  glucose  the  acidifi¬ 
cation  rates  dropped  to  50%  of  the  initial  rate,  while  in 
the  presence  of  glucose  the  rates  remained  at  a  level 
similar  to  that  obtained  with  LB-RPMI  medium.  When 
exposed  to  GM-CSF  the  cells  perfused  with  glucose 
gave  a  strong  response,  whereas  the  cells  without  glu¬ 
cose  gave  a  weak  response.  The  weak  response  was 
similar  kinetically  and  in  magnitude  to  the  component 
of  the  GM-CSF  response  attributed  to  activation  of  the 
sodium/proton  antiporter,  Subsec[uent  addition  of  glu¬ 
cose  to  cells  that  had  been  exposed  to  GM-CSF  in  the 
absence  of  glucose  resulted  in  large  increases  in  acidifi¬ 
cation  rate  to  levels  greater  than  that  of  cells  stimu¬ 
lated  vrith  GM-CSF  in  the  presence  of  glucose.  This 
overshoot  in  rate  may  be  due  to  an  energy  deficit  which 
occurred  during  the  glucose-free  GM-CSF  stimulation 
of  the  cells. 


Fir.  2.  GM-CSF  activation  of  the  sodiunvproton  aiiti|iorter.  TF-1 
cells  were  deprived  of  GM-CSF  overnight,  then  loaded  into  ceil  cap¬ 
sules.  A;  Two  chambers  were  perfused  with  balanced  mIU  antainmg 
130  mM  sodium  chloride  and  two  chambers  were  perfused  with  bal¬ 
anced  salts  containing  130  mM  choline  chloride  instead  of  sodium 
chloride.  At  time  zero  one  chamber  with  and  o"® 
sodium  were  exposed  to  a  7  min  bolus  of  10  ng/ml  GM-C^F.  The  other 
two  chambers  were  treated  with  medium  alone.  Aodification  rates 
were  monitored  for  1  h  after  sample  injection  and  nonn^iz^  to  the 
initial  rate  to  GM-CSF  exposure.  To  control  for  effecto  of  sodium  re- 
moval.  the  rates  from  control  chambers  i  treated  with  balan^ 
alone  >  were  subtracted  from  the  rates  from  chambers  exposed  to  GM- 
CSF  in  the  presence  of  sodium  iclosed  circlcsi  or  in  ^ 

sodium  lopen  circles/.  The  difference  in  rate  between  the  GM-CSF 
treated  chambers  with  and  without  sodium  was  also  c^c^ted  and 
plotted  (closed  squares).  B:  The  same  experimental  conditions  m  de¬ 
scribed  for  A  were  reproduced  with  the  addition  of  0.1  mMamlonde  to 
the  balanced  salts  with  sodium  iclosed  circles)  or  without  somum  (open 
circles).  The  difference  in  rate  between  the  GM-CSF  iidec^ed  chambers 
with  and  without  sodium  was  again  calculated  and  plotted  (closed 
squares).  The  rates  were  normalized  to  the  basal  addmcation  rate, 
and  the  data  presented  here  are  from  a  single  experiment,  representa¬ 
tive  of  two  separate  runs. 


Involvement  of  protein  kinases  in  activation  of 
TF-1  cell  acidification  rate 

To  evaluate  the  possibility  that  PKC  participates  in 
the  signal  transduction  pathway  that  mediates  the 
GM-CSF  metabolic  burst,  TF-1  cells  were  exposed  to  a 
bolus  of  the  PKC  activator,  PMA,  or  the  protein  phos¬ 
phatase  inhibitor,  okadaic  acid.  Figure  4^B  shows 
that  both  PMA  and  okadaic  acid  cause  an  increase  in 
acidification  rate,  presumably  by  enhancing  phospho¬ 
rylation  levels  of  regulatory  proteins  or  enzymes.  Protein 
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Fi^.  3.  Glucose  dependence  of  GM-CSF  stimulation  of  acidification 
rate.  TF-l  cells  were  deprived  of  GM-CSF  overnight  and  loaded  into 
three  sensor  chambers.  After  the  rates  stabilized,  the  media  in  the 
chambers  were  changed  to  balanced  salts  icloscKi  circles),  balanced 
salts  plus  2  mM  L-glutamine  lopen  squares),  and  balanced  salts  plus 
10  mM  glucose  lopen  circles).  After  30  mm  of  exposure  to  the  new 
medium,  the  cells  were  exposed  to  a  bolus  of  10  ng/ml  GM-CSF .  at  time 
zero.  ARer  70  min,  the  balanced  salt  solution  lacking  glucose  was 
changed  to  balanced  salts  plus  10  mM  glucose.  The  data  presented 
here  are  from  a  single  experiment,  representative  of  two  separate 
runs. 


kinase  inhibitors  have  been  used  to  study  involvement  of 
these  enzymes  in  signal  transduction  pathways.  Figure 
4C  shows  the  effect  of  calphostin  C  (Kobayashi  et  al., 
1989;  Bruns  et  al.,  1991).  a  light-activated  specific  in¬ 
hibitor  of  PKC,  on  the  GM-CSF  acidification  response. 
The  GM-CSF  response  was  inhibited  66%  bya  sub-toxic 
dose  of  12.5  nM  calphostin  C.  Two  tyrosine  kinase  in¬ 
hibitors,  166  piM  genistein  (Tetsu  et  al.,  1987)  and  2.4 
fjiM  herbimycm  A  (Uehara  et  al.,  1989:  June  et  al., 
1990).  were  also  tested  and  found  to  partially  inhibit 
GM-CSF’s  stimulation  of  acidification  rate  (45-47% )  as 
shown  in  Table  1.  When  PM  A  was  used  to  stimulate  the 
TF-l  cells,  calphostin  and  the  t^sine  kinase  inhibi¬ 
tors  gave  a  similar  level  of  inhibition  for  PMA  stimula¬ 
tion  as  was  observed  for  GM-CSF  stimulation. 

Effect  of  PMA  pre-treatment  on  TF-l  cells’ 
metabolic  response  to  GM-CSF 

TF-l  cells  were  treated  with  16  pM  PMA  for  18  h,  a 
procedure  known  to  deplete  PKC  activity  in  human 
lymphocytes  iFarrar  and  Linnekin,  1990)  and  to  down- 
regulate  phorbol  ester  binding  sites  in  IL-3  dependent 
hemopoietic  stem  cell  lines  ( Whetton  et  al.,  1988).  Dra¬ 
matic  morphological  changes  occurred  in  the  TF-l  cells 
after  several  hours  of  incubation,  including  a  ruffled 
appearance  of  the  cell  surface  and  a  significant  increase 
in  adhesion  of  the  normally  non-adherent  cells  to  the 
plastic  culture  flask.  Figure  5A  shows  that  18  h  pre¬ 
treatment  to  PMA  caused  the  TF-l  cells  to  lose  their 
response  to  GM-CSF.  The  cells  pre-treated  with  PMA 
did  respond,  however,  to  a  bolus  of  ionomycin.  lonomy- 
cin  produced  an  immediate  increase  in  acidification 
rate,  which  then  quickly  returned  to  the  initial  rate 
after  the  ionomycin  was  removed.  The  ionomycin  re- 


Fig.  4.  Effects  ot  treatment  with  PMA.  okadaic  acid,  or  calphostin  C 
on  TF-l  cells.  TF-l  ceils  were  deprived  of  GM-CSF  overnight,  then  are 
loaded  into  sensor  chambers.  A:  One  chamber  was  expoeed  to  a  6  min 
bolus  of  100  ng/ml  PMA  (closed  circles),  and  a  control  chamber  was 
exposed  to  0.1 '/c  DMSO  vehicle  (open  circles).  B;  One  chamber  was 
expoeed  to  a  bolus  of  1  M-g/n^l  okadaic  acid  (closed  circles)  and  the  other 
with  1%  dimethvlformamide  vehicle  (open  circles).  C;  Cells  were  pre¬ 
treated  with  12.5  nM  calphostin  C  (closed  circles)  under  fluorescent 
light  for  60  min.  or  underwent  a  sham  pre-treatment  with  0.1%  DMSO 
vehicle  (open  circles)  under  fluorescent  light  for  60  min.  Once  in  the 
microphysiometer.  the  cells  were  exposed  to  a  6  min  pulse  of  5  ng/ml 
GM-CSF  at  time  zero.  Rates  were  normalized  to  basal  rates  prior  to 
sample  injection.  The  data  presented  here  are  from  single  experi¬ 
ments,  representative  of  several  separate  runs. 


sponse  of  control  cells  was  kinetically  distinguishable 
from  that  of  PMA  pre-treated  cells.  In  control  cells,  the 
rate  of  decrease  in  acidification  rates  upon  ionomycin 
removal  was  much  slower  and  its  kinetics  were  charac¬ 
teristic  of  the  normal  GM-CSF  response.  The  effect  of 
short-term  exposure  of  TF-l  cells  to  PMA  on  the  GM- 
CSF  activated  metabolic  burst  was  further  investi¬ 
gated.  TF-l  cells  were  pre-treated  for  1  or  2  h  with  1  nM 
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TABLE  1.  Inhibition  of  GM-CSF  stimulation  of  TF-1  cells 


Herb.  A 
(3.4  miM) 


Calphos,  0 
( 12.5  nM) 

(T-) 


( lenistein 
1 166  m-M) 


Stimulus^ _ ^2.^ _  '  - — - 

GM-CSF  5  ng/mi  -45  -66  -47 

PMA  250  ng/ml _ ^40 _  SB _ ' 

'  Serum  starved  TF*1  cells  were  stimulated  with  a  6  mm  bolus  ol  5  ne/ml  GM-CSF  or  I UU 
ne/ml  PMA  in  the  presence  or  absence  ol  kinase  inhibitor.  Data  are  representative  o 
pairs  ol  chambers  Uken  irom  several  experiments. 


Time  (minutes) 


Fie  5.  Effects  of  PMA  depletion  of  protein  kinase  C  on  GM-CSF 
stimulation  of  acidification  rate.  TF-1  cells  were  treated  with  PMA  in 
three  different  protocols  and  tested  for  stimulation  ol  aciWication 
rate  bv  GM-CSF.  A:  TF-1  cells  were  treated  with  16  uM  PMA  over- 
night  in  RPMI  containing  10%  FBS.  Control  cells  were  treated  with 
the  0  1%  DMSO  solvent  vehicle.  The  PMA  treated  cells  became 
ent  to  the  plastic  flask  and  were  removed  by  incubation  with  5  mM 
EOTA  in  PBS  for  5  min  at  3rC.  The  cells  were 
in  RPMI  without  bicarbonate  or  serum  with  10  mM  HEPES,  and  then 
loaded  into  sensor  chambers.  At  time  zero,  a  7 
GM-CSF  was  injected  into  chambers  containing  PMA  treaty  cells 
I  closed  squaresi  and  control  cells  (closed  circlesi.  A  third  chamber 


PMA  or  2  h  with  1  nM  4-a-PMA  (an  analogue  of  PMA 
which  does  not  activate  PKC).  After  pre-treatment  the 
cells  were  washed  and  loaded  into  cell  capsules,  then 
tested  for  acidification  response  to  GM-CSF.  The  cells 
treated  with  PMA  had  diminished  ability  to  respond  to 
GM-CSF  exposure.  As  shown  in  Figure  5B,  the  2  h 
treatment  was  more  effective  than  the  1  h  treatment  in 
blocking  the  GM-CSF  response.  Cells  pre-treated  with 
4-a-PMA  or  given  a  mock  pre-treatment  with  culture 
medium  entirely  retained  their  responsiveness  to  GM- 
CSF.  Subsequent  exposure  to  ionomycin  caused  a 
strong  acidification  response  in  all  cases,  as  had  been 
observed  using  cells  pre-treated  with  PMA  for  18  h, 
indicating  that  these  short-term  PMA-treated  cells  re¬ 
tain  the  ability  to  respond  to  a  different  second  messen¬ 
ger  stimulus.  As  shown  in  Figure  5C,  a  brief  6  min 
exposure  to  PMA  did  not  block  the  GM-CSF  acidifica¬ 
tion  response,  but  did  diminish  its  amplitude.  A  similar 
reduction  in  amplitude  is  observed  in  cells  previously 
exposed  to  a  bolus  of  GM-CSF . 

To  further  explore  the  mechanism  by  which  PMA 
pre-treatment  abrogates  the  GM-CSF  response,  cells 
were  incubated  with  various  concentrations  of  PMA  for 
18  h  prior  to  use  in  the  microphysiometer.  As  shovm  in 
Figtire  6A.  the  GM-CSF  response,  expressed  as  inte¬ 
grated  peak  area,  decreases  with  increasing  PMA  con¬ 
centration.  and  the  ionomycin  response,  also  expressed 
as  integrated  peak  area,  gradually  rises.  The  increases 
in  acidification  rate  due  to  ionomycin  exposure  provide 
a  control  for  cell  viability  and  cellular  ability  to  respond 
to  a  second  messenger  activating  stimulus.  The  concen¬ 
tration  of  PMA  required  to  block  the  GM-CSF  response 
was  determined  by  utilizing  the  ratio  of  the  integrated 
GM-CSF  response  to  the  integrated  ionomycin  response 
(Ratio  GM/Iono).  A  monotonic  decrease  in  I^tio  GM/ 
lono  vs.  PMA  concentration  is  shown  in  Figure  6B. 
Interpolation  of  the  data  gives  a  value  of  0.8  nM  for  the 
concentration  of  PMA  required  to  decrease  the  GM- 
CSF  stimulated  metabolic  response  by  50%. 


containing  control  cells  was  not  exposed  to  GM-CSF  (open  circlesi. 
After  monitoring  the  acidification  rates  for  1  h,  a  second  injection, 
containing  1  jig/ml  ionomycin,  was  made  into  the  chambers  contain¬ 
ing  cells  treated  with  PMA  (closed  squaresi  and  the  chamber  contain- 
ing  control  cells  that  had  not  been  exposed  to  GM-CSF  (oj»n  circles). 
Rates  were  normalized  to  the  initial  rates  prior  to  GM-^SF  injecUon. 
B*  TF-1  cells  were  treated  with  1  nM  PMA  for  1  and  2  h  in  RPMI 
containing  10%  FBS.  Cells  were  also  treated  with  1  nM  4^-PMA  or 
mock  treated  with  0.1%  DMSO  vehicle.  The  PMA  treated  cells  became 
adherent  to  the  plastic  flask  even  after  a  1  h  treatment  and  were 
removed  by  incubation  with  5  mM  EDTA  in  PBS  for  5  mm  at  37  C. 
The  ceils  were  pelleted,  washed  once  in  RPMI  without  bicarbonate  or 
serum  with  10  mM  HEPEs,  and  then  loaded  into  sensor  ch^bers.  At 
time  lero,  a  7  min  bolus  of  5  ng/ml  GM-CSF  was  injected  into  cham¬ 
bers  containing  mock  treated  control  cells  (open  circles),  cells  treats  . 
with  1  nM  PMA  for  1  h  (closed  circles  >  or  2  h  (open  diamonds),  and  cells 
treated  for  2  h  with  1  nM  4-a-PMA  (closed  diamonds).  After  momtor- 
ing  acidification  rates  for  50  rain,  a  second  injection,  containing  1 
ag/mi  ionomycin,  was  made  into  all  of  the  chambers.  Rat^  wre  nor¬ 
malized  to  the  initial  rates  prior  to  the  GM-CSF  injection.  C:  TF-1  cells 
were  loaded  into  two  cham^rs.  One  chamber  was  exposed  to  a  bolus  of 
5  ng/ml  GM-CSF  (closed  circles)  at  52  mm,  and  the  other  was  exposed 
to  a  bolus  of  100  ng/mi  PMA  (open  circles)  at  93  min.  At  ateut  153  mm, 
both  chambers  were  exposed  to  a  second  bolus  of  GM-CSF.  Rates  were 
normalized  to  basal  rates  prior  to  the  first  GM-CSF  injection,  and  the 
presented  data  are  representative  of  three  separate  runs. 
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Fi^.  7.  Effect  of  chronic  PMA  treatment  on  GM-CSF  hi^jh-affinity 
receptors.  TF-1  cells  <3  •  10' )  were  cultured  in  a  T75  flask  for  17  h  in 
culture  medium  containing  1  nM  PMA  and  no  GM-CSF  (open 
squares).  At  the  same  time,  two  other  flasks  of  TF-1  ceils  were  also 
deprived  of  GM-CSF  overnight.  After  15  h.  1  nM  PMA  was  added  to 
one  of  these  flasks,  and  no  addition  was  made  to  the  remaining  flask. 
Cells  were  harvested  at  17  h.  using  5  mM  EDTA  when  necessary  to 
remove  cells  adhering  to  the  plastic  flask.  The  cells  were  washed  once 
with  culture  medium  without  GM-CSF  and  stored  on  ice  until  they 
were  assayed  for  GM-CSF  receptors  using  radiolabeled  GM-CSF. 
Binding  dato  from  cells  treated  with  PMA  for  2  h  (open  circles),  17  h 
(open  squares),  and  untreated  cells  (closed  circles)  are  displayed  as 
Scatchard  plots.  Linear  regression  was  used  to  determine  dissociation 
constants  reported  in  the  text. 


Fig.  6.  Titration  of  the  inhibition  of  GM-CSF  metabolic  burst  by 
chronic  PMA  treatment.  TF-1  cells  were  treated  for  18  h  as  described 
in  Fig.  5A  with  concentrations  of  PMA  from  0-10  M  and  (A)  the  cells 
were  tested  for  acidification  response  to  5  ng/mi  GM-CSF  as  described 
in  Fig.  5A.  A  secon^ry  exposure  to  a  bolus  of  1  iig/ml  ionomycin  was 
also  performed  as  before.  The  values  displayed  in  the  bar  graph  are  the 
integrated  peaks  of  GM-CSF  and  lonomvcin  acidification  responses. 
The  ratio  of  the  integrated  peak  values  for  GM-CSF  response  vs.  the 
ionomycin  response  is  displayed  (B)  for  the  various  concentrations  of 
PMA  used  to  pre-treat  the  cells.  These  data  are  from  a  single  experi¬ 
ment  and  are  representative  of  several  separate  runs. 


Down-regulation  of  GM-CSF  receptors  by 
long-term  PMA  treatment 

Previous  observations  by  Kitamura  et  al.  ( 1989)  indi¬ 
cated  that  TF-1  cells  differentiate  in  response  to  ex¬ 
tended  PMA  treatment,  resulting  in  macrophage-like 
cells.  Loss  of  the  GM-CSF  activated  metabolic  burst  in 
cells  treated  for  18  h  with  PMA  occurred  at  similar 
concentrations  to  those  reported  to  cause  cellular  differ¬ 
entiation.  0.3-3  nM.  For  this  reason,  the  effect  of  PMA 
on  the  TF-1  high-affinity  GM-CSF  receptor  was  inves¬ 
tigated.  Scatchard  analysis  of  *^®I-labeled  GM-CSF 
binding  data  (Fig.  7)  shows  that  the  density  of  GM-CSF 
receptors  decreased  from  3.800  sites/cell  to  1,370/cell  in 
response  to  treatment  of  the  cells  with  1.0  nM  PMA  for 
17  h.  Furthermore,  the  binding  affinity  for  GM-CSF  at 
the  remaining  sites  was  also  decreased  from  200  pM  to 
600  pM  (Kd).  In  contrast  to  17  h  PMA  treatment.  TF-1 
cells  treated  with  1  nM  PMA  for  only  2  h  were  un¬ 
changed  with  respect  to  both  high-affinity  GM-CSF  re¬ 
ceptor  density  and  affinity. 


PMA  effects  on  GM-CSF  stimulated 
TF-1  cell  proliferation 

The  effects  of  PMA  treatment  on  GM-CSF  stimulated 
proliferation  was  assayed  using  the  MTT  reduction 
method  (Mossman.  1983).  Twin  groups  of  cells  were 
incubated  for  18  h  in  a  range  of  PMA  concentrations. 
After  incubation  with  the  PMA.  4  ng/mi  GM-CSF  was 
added  to  one  set  of  cells  and  a  sham  addition  was  made 
to  the  second  set  of  cells.  An  interesting  relationship 
between  the  GM-CSF  and  PMA  driven  proliferaiton  of 
TF-1  cells  was  revealed  in  this  experiment.  As  shown  in 
Figure  8A,  PMA  has  no  apparent  affect  on  GM-CSF 
driven  proliferation  of  TF-1  cells  until  the  concentra¬ 
tion  of  PMA  reaches  4  nM,  at  which  point  cell  growth 
begins  to  decrease.  When  GM-CSF  is  not  added  to  the 
PMA  treated  cells,  the  PMA  treatment  alone  is  found  to 
stimulate  TF-1  cell  proliferation,  resulting  in  optimum 
growth  rate  at  4  nM  PMA.  At  higher  PMA  concentra¬ 
tions.  TF-1  growth  rate  is  progressively  decreased.  If 
the  GM-CSF  activated  component  of  proliferation  (the 
difference  in  the  rates  of  cell  growth  in  PMA  treated 
cells  with  GM-CSF  or  without  GM-CSF)  is  calculated 
and  plotted  as  displayed  in  Figure  8B,  its  contribution 
to  TF-1  proliferation  is  shown  to  be  negligible  at  4  nM 
PMA.  At  this  concentration  of  PMA,  the  growth  rate  in 
the  presence  of  GM-CSF  and  PMA  was  equivalent  to 
PMA  alone.  The  concentration  of  PMA  at  which  the 
GM-CSF  activated  component  of  proliferation  is  re¬ 
duced  by  50%  was  1  nM.  This  value  correlates  well  with 
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Fie  8  Effecl  ol  chronic  PM  A  treatment  on  GM-CSF  driven  cell  pro¬ 
liferation.  The  MTT  method  was  used  to  quantitate  Pralderation  ol 
TF-1  cells  in  the  presence  of  various  concentrations  ol  PMA  with  or 
without  GM-CSF.  A:  TF-1  cells  were  exposed  to  various  concentra¬ 
tions  of  PMA  for  18  h.  after  which  4  ngiml  ° 

set  of  cells  (closed  circles!  and  no  addition  was  made  to  the  other 

arcles!.  The  results  are  displayed  as  the  ^rcent  of  control  cell 
opucal  density  mot  treated  with  PMA!  after  MTT  su.nina  as  de¬ 
scribed  in  Materials  and  Methods.  B:  The  difference  bew®*" 
obtained  in  A  with  and  without  GM-CSF 
vs.  the  concentration  of  PMA  usee  to  treat  the 

the  GM-CSF  activated  acidification  burst  (data  from  Fie.  bB  ys.  t'MA 
concentration  is  displayed  (open  squares!  as  percent  control  tor  com- 
panson. 


the  concentration  of  PMA  (0.8  nM)  at  which  the  GM- 
CSF  activated  metabolic  burst  was  reduced  by  oOvo 
(Fig.  8B). 

DISCUSSION 

Earlier  work  demonstrated  that  extracellular  acidifi¬ 
cation  rate  can  be  used  as  a  probe 
specific  activation  of  TF-1  cells  by  the  GM-CSF  De 
\Mes  et  al.,  1991).  Here  we  have  investigated  the  mech¬ 
anism  by  which  GM-CSF  activation  of  cells  causes 
rapid  increases  in  acidification.  Activation  of  the 
sodium/proton  antiporter  was  shown  to  cause  a  ^m- 
olitude.  short-lived  acidification  burst  when  GM-CSb 
was  administered  in  a  6  min  bolus. 
tion  has  been  reported  to  occur  in  response  to  GM-Lbb 
stimulation  of  several  hemopoetic/myeloid  stem  «11 
lines  (Caracciolo  et  al..  1990;  Vallance  et  al..  1990).  The 
major  component  of  the  acidification  response  was 


larger  in  amplitude,  longer  lived  and  glucose  depen¬ 
dent  This  component  of  extracellular  acidification  is 
most  likelv  due  to  glycolytic  energy  metabolism.  Ac¬ 
cording  to  Owicki  and  Parce  1 1992)  and  Parce  et  al. 
(1989),  lactic  and  carbonic  acid  produced  during  en- 
erev-generating  carbohydrate  metabolism  are  the  pri¬ 
mary  causes  of  extracellular  acidification.  The  obseiwa- 
tion  that  glucose  uptake  is  increased  by  GM-CSF  cell 
activation  (Hamilton  et  al..  1988)  is  also  consistent 
with  increased  glycolysis  being  the  source  of  the  GM- 
CSF  triggered  acidification  increase. 

Both  the  kinetics  and  amplitude  of  the  acidification 
response  to  GM-CSF  stimulation  are  dependent  on  a 
variety  of  factors,  including  the  concentration  of  cyto¬ 
kine  added,  the  pre-treatment  of  the  cells  with  respect 
to  various  inhibitors  and  activators  of  metabolic  pro¬ 
cesses.  and  the  pre-treatment  of  the  cells  with  respect  to 
the  deCTee  of  deprivation  of  cytokine.  Cells  are  deprived 
of  cytokine  (starvation)  in  two  ways.  During  culture, 
cells  are  split  into  fresh  medium  containing  cytokine. 
During  culture  the  cells  consume  the  cytokine,  reduc¬ 
ing  its  concentration  with  time.  The  longer  the  cells  are 
maintained  in  culture  between  splittings,  tae  lower  the 
concentration  of  evtokine  in  the  medium.  This  is  a  form 
of  starvation  if  the  cytokine  concentration  becomes  low 
enough.  This  component  of  starvation  is  difficult  to  con¬ 
trol  as  it  depends  on  cell  density,  and  probably  the 
“health”  of  the  cells  at  the  time  of  splitting.  The  second 
component  of  starvation  is  achieved  by  removing  the 
cells  from  culture  and  incubating  them  in  medium  con¬ 
taining  no  evtokine  for  a  well-defined  peri^  of  time. 
Because  both  of  these  components  have  doubtless  con¬ 
tributed  to  the  results  presented  in  the  present  work, 
we  see  considerable  variation  in  both  the  basal  acidiii- 
cation  rates  and  the  GM-CSF  response  from  one  exper¬ 
iment  to  the  next.  This  variation,  however,  does  not 
affect  the  conclusions  drawn  in  this  report  because  con¬ 
trol  cells  from  the  same  flask  of  cells  are  typically  run 
in  parallel  with  the  experimental  cells.  A  detailed 
study  of  the  quantitative  aspects  of  cytokine  starvation 
will  be  reported  elsewhere.  . 

Activation  and  translocation  of  PKC  in  response  to 
GM-CSF.  IL-3.  and  CSF-1  receptor  ligation  has  been 
reported  (Cook  et  al..  1989;  Farrar  et  al.,  1985;  Evans 
et  al..  1987;  Imamura  et  al..  1991).  We  have  shown  that 
PKC  activation  bv  PMA  (Castagna  et  al.,  198^  or  ‘"hi* 
bition  of  serine  phosphatase  by  okadaic  acid  (Haystead 
et  al  1989)  in  TF-1  cells  will  cause  an  increase  in 
acidification  rate.  Evidence  for  PKC  involvement  in 
GM-CSF  signalling  was  provided  by  calphostin  C  inhi¬ 
bition  of  the  GM-CSF  triggered  acidification  res|Mnse 
Calphostin  C  is  reported  to  be  a  specific  i^ibitor  ot 
PKC  which  blocks  the  PKC  diacylglycerol  binding  site 

(Bruns etal..  1991).  tjtmta 

Long-term  treatment  of  TF-1  cells  with  PR^  is 
known  to  deplete  cellular  PKC  (Blackshear,  1988),  and 
was  shown  to  block  the  GM-CSF  acidification  response. 
Receptor  binding  measurements  demonstrated  that 
chronic  PMA  exposure  caused  loss  of  the  high-aflmity 
GM-CSF  receptor  from  ‘h®  surface  of  tlmrells.  Short¬ 
term  PMA  exposure  also  inhibited  the  GM-CSF  acidifi¬ 
cation  response,  but  this  occurred  without  the  loss  of 
the  high-affinitv  receptor.  The  observed  rapid  desensi¬ 
tization  of  the  GM-CSF  receptor  by  PMA  is  similar  to 
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that  reported  for  PMA  inhibition  of  GM-CSF  dependent 
activation  of  tyrosine  phosphorylation  in  M07  ceils 
iKanakura  et  al.,  1991).  It  is  also  possible  that  PMA 
activation  of  PKC  desensitizes  the  signalling  pathway 
by  overstimulating  and  depleting  available  internal 
messengers,  such  as  protein  kinase  substrates  or  PKC 
itself.  The  ionomycin  control  demonstrated  that  the 
cells  were  still  capable  of  the  acidification  response  af¬ 
ter  short-term  (1-2  h)  PMA  treatment,  if  they  were 
excited  through  the  calcium  signalling  pathway. 
Recently  it  has  been  shown  that  diacylglycerol  is  re¬ 
leased  in  response  to  GM-CSF,  IL-3,  and  CSF-1  in  mu¬ 
rine  bone  marrow  macrophages  without  release  of 
inositol  trisphosphate  ( Veris  and  Hamilton,  1991).  Our 
data  is  consistent  with  activation  of  the  diacylglycerol 
second  messenger  signalling  pathway  in  response  to  a 
bolus  of  GM-CSF,  resulting  in  an  extracellular  acidifi¬ 
cation  burst  via  PKC  activation.  Intracellular  calcium 
does  not  appear  to  play  a  role  in  GM-CSF  signal  trans¬ 
duction  ( Vario  and  Hamilton.  1991).  This  is  consistent 
with  the  fact  that  desensitization  of  the  GM-CSF  re¬ 
sponse  by  prior  exposure  to  GM-CSF  or  PMA  does  not 
result  in  desensitization  of  the  ionomycin  triggered 
acidification  response.  Ionomycin  may  be  acting 
through  calmodulin  activated  kinases  (Exton.  1988)  in¬ 
dependent  of  the  PKC  pathway. 

The  tyrosine  kinase  inhibitors  genistein  and  her- 
bimycin  A  reduced  the  metabolic  response  to  GM-CSF 
receptor  activation.  They  also  inhibited  the  PMA  stim¬ 
ulation  of  acidification  rate  to  a  similar  degree,  sug¬ 
gesting  that  tyrosine  kinases  subsequent  to  PKC  acti¬ 
vation  are  being  inhibited  or  that  the  inhibitors  are  not 
specific  under  these  conditions. 

Measurement  of  GM-CSF  stimulated  proliferation  of 
TF-1  cells  treated  for  18  h  with  various  levels  of  PMA 
revealed  a  complex  effect  of  PMA.  At  1  nM  PMA  pre¬ 
sumably  down-regulated  GM-CSF  driven  proliferation 
by  down-regulating  high-affinity  GM-CSF  receptors, 
but  at  the  same  time  1  nM  PMA  also  caused  an  increase 
in  proliferation.  The  combination  of  these  effects  re¬ 
sulted  in  no  net  decrease  in  cell  proliferation.  This  ob¬ 
servation  held  true  up  to  a  concentration  of  4  nM  PMA, 
at  which  point  the  cell  proliferation  began  to  decrease, 
most  likely  due  to  PKC  depletion.  PKC  depletion  has 
been  shown  to  inhibit  proliferation  stimulated  by  vari¬ 
ous  CSFs  (Vario  and  Hamilton,  1991).  By  calculating 
the  difference  in  proliferation  rate  between  TF-1  cells 
exposed  to  PMA,  then  treated  with  or  without  GM-CSF, 
a  GM-CSF  dependent  component  of  TF-1  cell  prolifera¬ 
tion  was  identified.  Although  the  effect  of  PMA  on  TF-1 
cell  proliferation  is  a  complex  model  which  must  con¬ 
sider  the  differentiation  of  TF-1  cells  and  the  interac¬ 
tion  of  PMA  and  GM-CSF  signalling,  it  is  interesting  to 
note  that  a  correlation  exists  between  the  GM-CSF  ac¬ 
tivated  metabolic  burst  and  GM-CSF  dependent  compo¬ 
nent  of  TF-1  proliferation. 

This  study  of  GM-CSF  enhanced  acidification  rate  in 
TF-1  cells  illustrates  how  non-specific  extracellular 
acidification  rate  signals  can  be  used  to  investigate 
signal  transduction  pathways.  Coupled  with  specific 
enzyme  inhibitors,  enzyme  activators,  and  cells  trans¬ 
fected  with  receptors  or  other  putative  signal  transduc¬ 
ing  proteins,  extracellular  acidification  measurement 
using  the  silicon  microphysiometer  should  provide  a 


valuable  tool  for  further  investigations  of  transmem¬ 
brane  and  intracellular  signal  transduction. 
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Activation  of  TNF-Rl  Receptor  in  the  Presence 
of  Copper  Kills  TNF  Resistant  CEM  Leukemic 
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The  cytotoxic  effects  of  TNF  on  malignant  cells  are  known  to  be  mediated  though 
high  affinity  surface  receptors.  The  precise  mechanism  by  which  transformed  cells 
are  selectively  killed  by  the  activation  of  these  receptors  is  yet  unknown,  but 
several  intracellular  signaling  pathways  are  known  to  be  involved.  Phospholipase 
A2  activation  by  TNF-a  has  been  shown  to  be  important  in  the  transduction  ot 
signals  leading  to  cell  death.  We  have  used  monitoring  of  extracellular  aciditica- 
tion  rate  as  a  measure  of  cellular  metabolism  to  follow  the  early  time  course  of 
-  TNF  effects  on  a  human  leukemic  T  cell  line  (CEM-SS  cells).  CEM-SS  cells  were 
relatively  resistant  to  TNF  cell  killing  but  TNF  caused  an  early  stimulation  ot 
metabolism  within  2-4  hr,  followed  by  a  suppression  of  metabolic  activity  occur¬ 
ring  over  20  hr.  In  contrast,  a  TNF  sensitive  subclone  of  CEM  cells  (Cl  Ca)  showed 
a  rapid  and  dramatic  decrease  in  metabolic  activity  corresponding  to  cytotoxicity 
within  1 8  hr.  It  was  discovered  that  cupric  o-phenanthroline  markedl^y  potentiated 
the  effects  of  TNF  on  the  resistant  CEM-SS  cells  leading  to  cell  death.  Thts  obser¬ 
vation  was  specific  for  copper  because  ferric  o-phenanthroline  was  without  ettect 
at  the  same  concentration.  The  copper  cytotoxic  effect  was  shown  to  be  mediated 
through  the  TNF-Rl  receptor  and  independent  of  phospholipase  A2  signaling. 
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TNF-a  is  a  cytokine  produced  by  activated  macro¬ 
phages,  T  cells,  mast  cells  and  some  epithelial  tumor 
cells  which  can  induce  a  wide  variety  of  cellular  re¬ 
sponses  including  hemorrhagic  necrosis  of  trans- 
planted  tumors,  cell  proliferation,  cytotoxicity,  inflam- 
mation,  and  anti-viral  responses  (Fiers,  1991; 
Matthews  and  Neale,  1987).  The  mechanisms  by  wmch 
a  single  cytokine  can  have  such  varied  effects  on  differ- 
has  been  the  object  of  much  investigation. 
There  are  two  TNF  receptors,  the  TNF-Rl  (p55)  and  the 
TNF-R2  (p70  or  p75),  through  which  TNF  exerts  its 
effects  on  cells  (Fiers,  1991;  Tartaglia  and  Goeddel, 
1992).  When  considering  the  selective  killing  of  trans¬ 
formed  cells  by  TNF,  the  work  of  Tartaglia  and  Goeddel 
indicates  that  TNF-Rl  is  the  receptor  responsible  for 
activating  signals  leading  to  direct  cytotoxicity  (Tarta¬ 
glia  et  al.,  1993).  Heller  et  al.  (1992)  have  provided 
Evidence  using  TNF-R2  transfected  HeLa  cells  that 
TNF-R2  was  also  required  in  addition  to  TNF-Rl  to 
deliver  the  signals  resulting  in  cell  death.  Conse¬ 
quently,  there  is  some  controversy  over  the  receptor 
requirements  for  TNF-mediated  cytotoxicity. 

The  precise  mechanism  by  which  TNF  receptor  acti¬ 
vation  causes  cytotoxicity  is  not  known;  however,  two 
modes  of  cell  killing  have  been  observed:  lysis  (Espevik 
and  Missen-Meyer,  1986)  and  apoptosis  (Schmid  et  al., 
1986).  There  is  evidence  that  the  cytotoxic  effects  ot 
TNF  do  not  require  transcription  or  translation  be- 
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cause  inhibitors  of  these  processes  do  not  block  WF 
action.  On  the  contrary,  TNF  sensitivity  of  cells  is  often 
enhanced  by  actinomycin  D  or  cycloheximide  (Kull  and 
Cuatrecasas,  1981).  This  suggests  that  TNF  cjdiotoxic- 
ity  is  a  process  originating  in  the  cytoplasm 
inhibited  by  protective  proteins.  More  recent  studies 
have  indicated  that  reactive  oxygen  species  (ROS)  gen¬ 
erated  in  the  mitochondria  are  a  source  of  TNF  acti¬ 
vated  toxicity  (Scholze-OsthofT et  al.,  1992).  This  is  par¬ 
ticularly  relevant  to  the  mechanism  of  TNF-activated 
apoptosis  because  it  has  been  determined  that  an  anti¬ 
oxidant  inhibitor  of  apoptosis,  Bcl-2,  is  localized  in  the 
mitochondrial  membranes,  as  well  as  nuclear  mem¬ 
branes  (Hockenbery  et  al.,  1993). 

In  the  present  study,  we  have  investigated  the  iNV 
cytotoxic  response  of  a  human  leukemic  T  cell  li^, 
CEM-SS  (Nara  et  al.,  1987),  which  expresses  only  TNF- 
Rl.  Using  the  technique  of  microphysiometry  to  moni¬ 
tor  cellular  metabolic  activity,  it  was  possible  to  follow 
the  early  time  course  of  TNF  cytotoxicity.  This  tech¬ 
nique  measures  the  rate  of  cellular  acidic  metabolite 
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production  and  secretion  into  the  extracellular  medium 
(acidification  rate),  which  has  been  shown  by  Parce  et 
al.  (1989)  and  McConnell  et  al.  (1992)  to  be  a  parameter 
by  which  cytotoxic  events  or  cellular  activation  events 
can  be  monitored.  Using  microphysiometry,  it  was  pos¬ 
sible  to  show  changes  in  the  metabolic  activity  of 
CEM-SS  cells,  which  are  relatively  resistant  to  TNF, 
within  1^2  hr  of  TNF  exposure,  but  no  cell  killing 
within  a  24  hr  period.  A  TNF-sensitive  subclone  of 
CEM  cells  (ClCa),  stably  transfected  with  the  neomy¬ 
cin  resistance  marker  and  cultured  in  G418,  exhibited  a 
rapid  TNF  cytotoxic  response.  Both  cell  lines  were  used 
to  study  TNF  cytotoxicity.  Because  copper  is  a  transi¬ 
tion  metal  ion  that  can  catalyze  the  production  of 
highly  toxic  hydroxyl  free-radicals  from  ROS  via  the 
Haber-Weisse  reaction  (McCord  and  Day,  1978),  the 
effects  of  copper  in  combination  with  TNF  were  investi¬ 
gated.  It  was  found  that  activation  of  the  TNF-Rl  re¬ 
ceptor  either  by  TNF-a  or  by  anti-receptor  antibody 
followed  by  second  antibody  results  in  c3diotoxicity 
when  the  o-phenanthroline  chelate  of  cupric  ion  is 
present. 

MATERIALS  AND  METHODS 
Cells  and  reageants 

CEM-SS  (4)  and  CEM-ClCa  cells  were  obtained  from 
Chris'  Simonson  (GeneLabs  Inc.,  Redwood  City,  CA) 
and  cultured  in  RPMI  1640  with  L-glutamine  (Gibco, 
Grand  Island,  NY)  supplemented  with  penicillin/ 
streptomycin  (Gibco)  and  10%  fetal  bovine  serum 
(Sigma,  St.  Louis,  MO).  The  cells  were  split  1:10  every 
third  day.  The  CEM  ClCa  cells  were  tranfected  with  a 
neomycin  resistance  marker  and  cultured  with  50 
p.g/ml  G418.  Unless  otherwise  specified,  all  chemicals 
and  reagents  were  from  Sigma  Chemical  Co.  TNF-a, 
anti-hTNF-a  antisera,  and  anti-hIL-2  antisera  were 
from  Genzyme  (Cambridge,  MA),  and  cupric  chloride 
and  o-phenanthroline  were  from  Aldrich  (Milwaukee, 
WI).  Anti-human  TNF-Rl  receptor  monoclonal  anti¬ 
body,  #4E4,  anti-human  TNF-R2  receptor  monoclonal 
antibody,  #1H9,  anti-human  GP120  monoclonal  anti¬ 
body,  #5B6,  were  from  Genentech  Inc.  (S.  San  Fran¬ 
cisco,  CA). 

Measurement  of  extracellular  acidification  using 
the  Cytosensor®  microphysiometer 

The  cells  were  harvested  on  the  third  day  after  pas¬ 
sage  by  centrifugation,  and  the  cell  pellets  were  resus¬ 
pended  into  loading  medium  at  0.6  to  1  x  10^  cells/ml. 
Loading  medium  is  low  buffering  RPMI  (Molecular  De¬ 
vices  Corp.,  Menlo  Park,  CA)  supplemented  with 
penicillin/streptomycin  and  10  mM  HEPES.  One  ml  of 
cell  suspension  was  loaded  into  sterile  cell  capsule  cups 
(Molecular  Devices  Corp.),  as  previously  described  us¬ 
ing  a  fibrin  clot  to  immobilize  the  cells  (Wada  et  al., 
1993).  The  assembled  capsule  cups  were  loaded  into 
Cytosensor^-  microphysiometer  chambers,  and  running 
medium,  low  buffering  RPMI  supplemented  with 
penicillin/streptomycin  and  1  mg/ml  HSA  (endotoxin- 
free  human  serum  albumin.  Miles  Labs.,  Elkhart,  IN), 
was  pumped  through  each  chamber.  TNF-a  and  the  test 
materials  were  added  to  30  ml  of  running  medium  and 
applied  to  the  ceils  approximately  half  an  hour  after  the 


chambers  were  loaded  on  the  microphysiometer.  When 
necessary,  DMSO  was  used  as  a  vehicle  for  dissolving 
test  materials  and  diluted  to  less  than  0.1%  in  running 
medium.  The  basal  cellular  acidification  rate  (meta¬ 
bolic  rate)  measured  by  the  instrument  (Parce  et  al., 
1989)  was  normalized  to  100%  of  basal  rate  prior  to  the 
addition  of  TNF  or  other  test  materials. 

FACS  analysis 

CEM-SS  and  ClCa  cells  were  analyzed  for  TNF-Rl 
and  TNF-R2  using  cell  surface  monoclonal  antibody 
staining  and  FACS  analysis.  A  single  cell  suspension 
was  prepared  for  each  line  by  washing  twice  in  phos¬ 
phate-buffered  saline  (PBS)/1%  fetal  bovine  serum. 
Cells  were  adjusted  to  10^  cells/ml  in  PBS/1  %  fetal  bo¬ 
vine  serum.  An  100  |xl  aliquot  from  each  cell  line  was 
incubated  with  1  p-g  of  either  monoclonal  anti-TNF-Rl 
(4E4),  anti-TNF-R2  (1H9),  or  an  irrelevant  antibody 
(anti-GP120,  5B6)  for  30  minutes  on  ice.  The  cells  were 
washed  3x  in  PBS/1%  fetal  bovine  serum  and  incu¬ 
bated  with  fluorescein-conjugated  sheep  (Fab')2  frag¬ 
ment  to  mouse  IgG  (Cappel,  West  Chester,  PA)  for  30 
minutes  on  ice.  The  cells  were  washed  3x  in  PBS/1% 
fetal  bovine  serum  and  analyzed  on  a  FACScan  (Becton 
Dickinson,  San  Jose,  CA). 

RESULTS 

The  effects  of  TNF-a  on  CEM  cells  were 

detectable  as  alterations  in  acidification  rate 

The  microphysiometer  measures  the  rate  of  extracel¬ 
lular  acidification,  a  function  of  the  cell’s  metabolism. 
Over  time,  cells  in  the  microphysiometer  tend  to  show 
an  early  period  of  equilibration  during  which  their 
acidification  rates  either  rise  or  fall  to  a  new  steady 
state,  depending  upon  the  particular  cell  line.  The 
present  studies  were  conducted  with  CEM-SS  cells 
which  are  resistant  to  TNF-a-induced  cytotoxicity,  and 
with  a  subclone,  CEM-ClCa,  transfected  with  the  neo¬ 
mycin  resistance  marker  and  grown  in  G418  (50  pg/ 
ml).  The  untreated  CEM-SS  cells  showed  an  initial 
steep  decrease  in  rate  lasting  less  than  30  min  which 
was  followed  by  an  increase  over  the  initial  2-4  hr  to 
125%  of  the  initial  base  line,  and  then  showed  a  steady 
rise  to  175%  by  18  hr  (Fig.  lA).  In  contrast,  when 
CEM-SS  cells  in  the  microphysiometer  were  treated 
with  1  ng/ml  recombinant  h-TNF-a,  the  acidification 
rate  was  mildly  stimulated  above  the  controls  values 
for  1-2  hr,  but  after  4  hr  there  was  a  steady  reduction  in 
rate  of  acidification  (Fig.  lA).  After  18  hr  of  TNF  expo¬ 
sure,  the  acidification  rate  had  fallen  from  a  peak  value 
of  160%  of  the  initial  value  to  120%.  The  untreated  cells 
continued  to  have  an  increased  acidification  which  was 
175%  of  the  initial  rate  at  18  hr.  The  ClCa  subclone  of 
the  CEM-SS  cell  line  was  shown  to  be  very  sensitive  to 
TNF  cytotoxicity.  Exposure  to  TNF  at  1  ng/ml  resulted 
in  a  drop  in  the  acidification  to  12%  of  the  initial  rate 
within  18  hr,  and  a  concentration  as  low  as  0.01  ng/ml 
resulted  in  a  drop  to  a  value  60%  of  the  initial  rate  at  18 
hr  (Fig.  IB).  In  order  to  examine  the  specificity  of  de¬ 
crease  in  acidification  rate  as  being  a  measure  of  TNF 
cytotoxicity,  the  effects  of  anti-TNF-a  neutralizing  an¬ 
tibody  were  tested.  Using  the  ClCa  cells,  the  neutraliz- 
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Fig.  1.  Acidification  response  of  CEM  cells  to  TNF-a,  A:  CEM-SS 
cells  were  loaded  into  C)rtos€nsor  chambers  as  described  in  Materials 
and  Methods  and  exposed,  starting  at  0  time,  continuously  to  1  ng/ml 
TNF-ot  ^closed  circles)  or  to  media  alone  (open  circles).  Acidification 
rates  were  monitored  for  approximately  18  hr.  B;  CEM-ClCa  cells 
were  loaded  and  exposed  to  0  (open  circles),  0.01  ng/ml  (closed  circles), 
0.1  ng/ml  (open  squares),  and  1  ng/ml  TNF  (closed  squares)  for  approx¬ 
imately  18  hr.  The  arrows  indicate  when  cells  were  exposed  to  TNF. 


ing  rabbit  antiserum  was  shown  to  block  the  TNF-me- 
diated  decrease  in  acidification  rate  (Fig.  2A).  A  control 
antiserum,  rabbit  anti-hIL-2,  had  no  effect  on  the  acid¬ 
ification  rate  decrease  (Fig.  2B). 

Anti-TNF-Rl  receptor  antibody  blocks  the 

cytotoxic  response  of  CEM  cells  to  TNF-a 

In  order  to  determine  whether  the  TNF-activated 
metabolic  changes  in  CEM  cells  were  mediated  through 
TNF  receptor  interactions,  the  CEM-SS  and  the  ClCa 
subclone  were  incubated  with  monoclonal  anti-TNF  re¬ 
ceptor  antibodies,  ainti-human  TNF-Rl  (p55)  and  anti- 
TNF-R2  (p70;  Pennica  et  al.,  1991;  Marsters  et  al., 
1992)  and  analyzed  by  flow  C3dx)metry.  Both  of  these 
cell  lines  were  found  to  express  only  the  TNF-Rl  recep¬ 
tor  on  their  surface  (Fig.  3).  Pretreatment  of  the  ClCa 
cells  with  anti-TNF-Rl  antibody,  4E4, 15  minutes  prior 
to  and  dining  exposure  to  TNF-a,  substantially  blocked 
the  cytotoxic  response  to  TNF  (Fig.  4A),  but  an  isotype- 
matched  control  antibody  (anti-GP120)  did  not.  Anti- 
TNF-R2  antibody  also  did  not  block  the  cytotoxic  re¬ 
sponse  to  TNF  (data  not  shown).  The  metabolic  changes 
in  CEM-SS  cells  in  response  to  TNF  were  also  substan¬ 
tially  blocked  by  anti-TNF-Rl  antibody  (Fig.  4B). 


Fig.  2.  Anti-TNF-a  blockade  of  cytotoxic  response.  The  effect  of  anti- 
TNF-a  antibody  on  the  acidification  response  was  tested  using  CEM- 
ClCa  cells.  A:  Cells  were  exposed  in  the  microphysiometer  chamber  to 
1  ng/ml  TNF  (closed  circles),  media  alone  (open  circles),  1  ng/ml  TNF 
plus  anti-TNF  antisera  (closed  squares),  and  anti-TNF  antisera  alone 
(op>en  squares).  B:  Cells  were  treated  with  TNF  plus  anti-IL-2  antisera 
(closed  squares)  as  a  control,  with  anti-IL-2  antisera  (open  squares), 
media  alone  (open  circles),  and  TNF  (closed  circles).  The  arrows  indi¬ 
cate  when  cells  were  exposed  to  TNF. 


The  effect  of  reducing  and  oxidizing  agents  on 
TNF-mediated  cytotoxicity 

Because  the  presence  of  reducing  agents  such  as 
N-acetylcysteine  (NAC)  has  been  reported  to  inhibit 
the  activating  effects  of  TNF-a  on  HIV-1  replication  in 
T  cells  (Roederer  et  al.,  1990)  and  NFkB  transcriptional 
activation  factor  (Schreck  et  al.,  1991),  we  tested  the 
effects  of  reducing  agents  and  oxidizing  agents  on  TNF 
cytotoxicity  using  CEM-SS  cells  and  its  subclone  ClCa 
cells.  The  addition  of  10  mM  p-mercaptoethanol  caused 
a  small  decrease  in  the  c3d;otoxic  effect  of  TNF-a  on 
ClCa  cells  (Fig.  5A).  The  addition  of  10  mM  NAC  did 
not  produce  a  significant  reduction  in  the  c3rtotoxic  ef¬ 
fect  of  TNF-a  (Fig.  5B).  Each  reducing  agent  increased 
the  basal  acidification  rates  of  both  ClCa  and  CEM-SS 
cells.  Oxidizing  agents,  cupric  o-phenanthroline  or  hy¬ 
drogen  peroxide  also  increased  the  basal  acidification 
rates  of  ClCa  and  CEM-SS  cells  and  also  enhanced  the 
TNF  c5rtotoxicity.  In  particular,  cupric  o-phenanthro- 
line.at  1  yM,  a  subtoxic  concentration,  significantly 
enhanced  cell  killing  by  TNF  in  the  TNF-resistant 
CEM-SS  cells  (Fig.  6).  When  1  yM  ferric  O-phenanthro¬ 
line  was  tested,  no  S5aiergy  with  TNF  c5d;otoxicity  was 
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Fig.  3.  FACS  data  showing  TNFRl  expression  CEM-SS  and  ClCa 
cells.  CEM-SS  and  CEM-ClCa  cells  were  preincubated  with  anti- 
TNFRl  (4E4)  or  with  anti-TNFR2  (1H9)  then  stained  with  FITC  anti- 
mouse  IgG.  Background  staining  was  determined  by  staining  cells 
with  FITC  anti-mouse  IgG  only.  A;  Histogram  overlay  of  TNFRl  ex¬ 


pression  on  the  cell  surface  of  CEM-SS  cells.  B:  Histogram  overlay  of 
TNFRl  expression  of  the  surface  of  CEM-ClCa  cells.  C  and  D:  Histo¬ 
gram  overlays  showing  no  staining  of  CEM-SS  or  CEM-ClCa  cells  by 
anti-TNFR2  antibody. 


observed.  The  anti-oxidant,  butylated  hydroxyanisole 
(BHA),  did  not  inhibit  nor  did  it  accelerate  the  copper- 
enhanced  TNF  cytotoxicity  (Table  1).  Dramatic  inhibi¬ 
tion  of  the  copper-enhanced  cell  killing  was  achieved  by 
the  addition  of  the  strong  copper  chelator,  dieth- 
yldithiocarbamic  acid  (DCTA),  demonstrating  the  im¬ 
portance  of  free  or  weakly  chelated  copper.  Relevant  to 
the  mechanism  of  copper  toxicity,  it  was  observed  that 
the  combination  of  1  fxM  copper  and  reducing  agent,  10 
mM  NAG,  was  cytotoxic  to  the  CEM-SS  cells.  In  sepa¬ 
rate  experiments,  a  color  change  from  blue  to  red  con¬ 
firmed  the  reduction  of  Cu(II)  to  Cud)  in  the  presence  of 
10  mM  NAC  and  10  pM  cupric  o-phenanthroline.  The 
color  change  was  reversible,  changing  back  after  about 
30  minutes  due  to  air  oxidation  of  the  copper.  As  shown 
in  Table  2,  either  agent  alone  was  not  cytotoxic.  BHA  at 
25  |xM  also  did  not  inhibit  copper/reducing  agent  cyto¬ 


toxicity.  It  was  also  observed  that  the  combination  of  1 
\iM  cupric  o-phenanthroline  and  2  mM  hydrogen  perox¬ 
ide  was  highly  cytotoxic  to  the  cells  (Table  2),  and  that 
this  cytotoxicity  was  blocked  by  DCTA. 

The  copper-potentiated  TNF  cytotoxicity  is 
inhibited  by  TNF-Rl  antibody  and  TNF-Rl 
aggregation  triggers  TNF  independent 
copper  cytotoxicity 

The  copper-potentiated  TNF  cytotoxicity  was  inhib¬ 
ited  by  an  anti-TNF-Rl  antibody  known  to  be  a  TNF-a 
antagonist  (Pennica  et  al.,  1991;  Marsters  et  al.,  1992). 
As  shown  in  Figure  7A,  when  CEM-SS  cells  were  pre¬ 
treated  for  15  minutes  with  the  anti-Rl  antibody,  the 
copper-potentiated  killing  was  reduced  approximately 
50%.  It  was  also  noted  that  when  cells  were  treated 
with  anti-Rl  and  copper  alone,  the  cells  exhibited  a 
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Fig.  4.  Anti-TNFRl  monoclonal  antibody  blocks  the  TNF  activated 
decrease  in  acidification  rate.  The  efiect  of  monoclonal  anti-TNFRl 
antibody  (4E4)  was  tested  in  the  microphysiometer.  A:  ClCa  cells 
were  loaded  in  four  microphysiometer  chambers  and  two  chambers 
were  pretreated  with  1  ptg/ml  anti-TNFRl  for  15  min.  The  cells  were 
then  treated  continuously  with  the  same  antibody  plus  1  ng/ml  TNF-a 
(closed  squares)  or  plus  media  (open  squares).  The  other  two  chambers 
were  pretreated  with  an  isotype  matched,  IgGn^,  anti“GP120  antib(^y 
as  a  control  at  1  p.g/ml.  The  cells  were  then  treated  continuously  with 
the  same  antibody  plus  1  ng/ml  TNF-a  (closed  circles)  or  media  (open 
circles).  B:  CEM-SS  cells  were  loaded  in  microphysiometer  chambers 
and  pretreated  with  either  anti-TNFRl  antibody  or  control  antibody 
under  the  same  conditions  as  described  in  A.  The  arrows  indicate 
when  cells  were  exposed  to  TNF. 


slowly  developing  decrease  in  metabolic  activity  which 
suggested  that  low  level  activation  of  the  receptor  may 
be  occurring.  In  order  to  determine  whether  antibody- 
mediated  aggregation  of  TNF-Rl  could  also  trigger  the 
copper-potentiated  cytotoxic  response,  anti-mouse  IgG 
antibody  was  used  following  anti-Rl  to  cause  receptor 
capping.  The  second  antibody  treatment  triggered  the 
copper-potentiated  cytoxic  response  in  the  absence  of 
TNF  to  the  same  extent  as  1  ng/ml  TNF  (Fig.  7B). 

Quinacrine  inhibits  the  TNF-activated  metabolic 
changes  in  CEM  cells,  but  not  the 
copper-potentiated  cell  killing 

When  CEM-SS  cells  were  pretreated  for  30  minutes 
with  10  piM  quinacrine,  a  phospholipase  A2  inhibitor, 
and  then  exposed  to  a  moderate  level  (0.1  ng/ml)  of 
TNF,  the  expected  metabolic  alterations  which  are  ob¬ 
served  with  control  cells  were  inhibited  (Fig.  8A).  When 
this  same  experiment  is  done  in  the  presence  of  1  p-M 
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Fig.  5.  Treatment  with  p-mercaptoethanol  or  N- acetylcysteine  does 
not  block  TNF  effects  on  CEM-ClCa  cells.  ClCa  cells  were  loaded  into 
microphysiometer  chambers  and  pretreated  with  reducing  agents 
prior  to  exposure  to  TNF-a.  A:  After  pretreatment  for  15  min  with  10 
mM  p-mercaptoethanol  (P-ME),  the  cells  were  continuously  exposed  to 
1  ng/ml  TNF  plus  P-ME  (closed  squares)  or  media  plus  p-ME  (open 
squares).  Untreated  cells  were  exposed  to  1  ng/ml  TNF  (closed  circles) 
or  media  alone  (open  circles)  as  controls.  B:  After  pretreatment  for  15 
min  with  10  mM  N-acetylcysteine  (NAC).  the  cells  were  continuously 
exposed  to  1  ng/ml  TNF  plus  NAC  (closed  squares)  or  media  plus  NAC 
(open  squares).  Untreated  cells  were  exposed  to  1  ng/ml  TNF  (closed 
circles)  or  media  alone  (open  circles)  as  controls.  The  arrows  indicate 
when  cells  were  exposed  to  reducing  agents. 


cupric  o-phenanthroline,  we  observed  no  significant  in¬ 
hibition  of  the  copper-potentiated  TNF  cytotoxicity 
(Fig,  8B). 

DISCUSSION 

In  the  present  study,  the  early  effects  of  TNF-a  on 
cell  metabolism  and  cell  death  in  a  T  cell  leukemia- 
derived  line,  CEM,  were  evaluated  using  extracellular 
acidification  as  a  probe.  Both  TNF-a  resistant  and  sen¬ 
sitive  cell  lines  were  used  in  these  experiments.  These 
studies  have  shown  that:  (1)  early  effects  of  TNF-a  on 
cellular  metabolism  are  mediated  through  TNF-Rl;  (2) 
copper  at  nontoxic  concentrations  potentiates  TNF  ef¬ 
fects  in  a  TNF-a  resistant  cell  line,  leading  to  cell  death 
by  a  mechanism  that  requires  activation  of  TNF-Rl, 
and  (3)  the  mechanism  by  which  nontoxic  concentra¬ 
tions  of  copper  causes  cell  death  requires  activation  and 
internalization  of  TNF-Rl  and  can  proceed  in  the  ab¬ 
sence  of  TNF-a  if  the  receptor  is  activated  by  other 
means,  such  as  antibodies  to  the  receptor  and  a  second 
antibody. 


602 


WADA  ET  AL. 


Fig.  6.  Cupric  o-phenanthroline  potentiates  TNF  cytotoxicity.  The 
effects  of  an  oxidizing  agent,  cupric  o-phenanthroline  (COP),  on  TNF 
cytotoxicity  was  tested  using  CEM-SS  cells.  CEM-SS  cells  were  loaded 
into  microphysiometer  chambers  and  monitored  for  acidification  rate 
changes  during  their  treatment  with  TNF  in  the  presence  and  absence 
of  COP.  Cells  were  exposed  to  1  ng/ml  TNF  (closed  circles),  media 
alone  (open  circles),  1  m.M  COP  (open  squares),  and  1  ng/ml  TNF  plus  1 
pM  COP  (closed  squares).  The  arrows  indicate  when  cells  were  ex¬ 
posed  to  effector  agents. 


TABLE  1.  Effects  of  transition  metals  on  CEM-SS  cells  in  combination 
with  TNF-a 


Test  substances 

Concentration 

Acidification  rate 
(9c  control)’ 

TNF-a 

1  ng/ml 

84 

TNF-a  +  Cu+ +/o-ph.(COP) 

1  ng/ml.  1  m-M 

29 

TNF-a  +  Fe+  +  +/o-ph. 

1  ng/ml.  1  m-M 

94 

TNF-u  +  COP  +  DCTA 

1  ng/ml.  1  m-M,  1  mM 

90 

TNF-u  +  COP  +  BHA 

1  ng/ml,  1  ^M,  25  p.M 

27 

’Acidification  rate  after  10  hr  of  treatment  with  1  nR/ml  TNF*a  +  test  substance  rela¬ 
tive  to  treatment  with  test  substance  alone  i  I009f ). 


TABLE  2.  Effects  of  copper  plus  NAC  or  H;>02  on  CEM-SS  cells 


Acidification  rate 
iVf  control)’ 


Test  substances 

Concentration 

2  hr 

5  hr 

10  hr 

Control 

0 

100 

100 

100 

Cu+  +/o-ph.{COP) 

1  m-M 

107 

no 

109 

NAC 

10  mM 

161 

118 

109 

DDCA 

1  mM 

127 

109 

77 

COP  +  NAC 

1  fiM.  10  mM 

120 

65 

20 

COP  +  NAC  +  DTCA 

1  m-M,  10  mM,  1  mM 

106 

92 

73 

COP  +  NAC  +  BHA 

1  m-M,  1  mM.  25  m^M 

54 

24 

12 

COP  +  H202 

1  fiM,  2  mM 

94 

54 

16 

COP  +  H202  +  DTCA 

1  m-M,  2  mM,  1  mM 

117 

135 

131 

’Acidification  rate  at  the  specified  time  after  continuous  exposure  to  the  various  treat¬ 
ments  was  normalized  to  of  control,  no  treatment  ( 1007r ). 


CEM-SS  cells  which  are  resistant  to  TNF  exhibit  an 
extracellular  acidification  response  to  TNF-a  treat¬ 
ment  which  is  characterized  by  a  mild  stimulation  in 
acid  production  followed  by  a  gradual  decrease  in  acidi¬ 
fication  rate.  A  subclone  of  CEM-SS  cells,  ClCa,  is  par¬ 
ticularly  sensitive  to  TNF,  characterized  by  a  rapid 
drop  in  acidification  rate,  proceeding  to  cell  death. 
These  early  changes  in  acid  production  by  the  CEM 
cells  reflect  changes  in  cellular  metabolism  which  are 
probably  due  to  alterations  in  glucose  utilization.  Ear- 


Fig.  7.  Anti-TNFRl  antibody  inhibits  the  cupric  o-phenanthroline- 
potentiated  TNF  cytotoxicity,  and  TNFRl  capping  with  anti-TNFRl 
plus  anti-IgG  antibody  activates  TNFRl  without  the  addition  of  TNF. 
The  effects  of  anti-TNFRl  antibody  on  cupric  o-phenanthroline-poten- 
liated  TNF  cytotoxicity  was  tested  using  microphysiometry.  A: 
CEM-SS  cells  were  loaded  into  Cytosensor  chambers  and  pretreated 
with  1  pLg/ml  anti-TNFRl  antibody  for  30  min  prior  to  exposure  to  a 
combination  of  1  piM  cupric  o-phenanthroline  (COP)  and  1  ng/ml 
TNF-a  plus  anti-TNFRl  (closed  squares)  or  1  p-M  COP  plus  anti- 
TNFRl  (open  squares).  Cells  were  exposed  to  control  isotype  matched 
antibody  (anti-GP120)  for  30  min  prior  to  exposure  to  1  piM  COP  and  1 
ng/ml  TNF-a  plus  anti-GP120  (closed  circles)  or  1  COP  plus  anti- 
GP120  (open  circles)  as  controls.  B:  CEM-SS  cells  were  tested  for  their 
response  to  capping  of  the  TNFRl  receptors  in  the  presence  of  COP. 
After  pretreatment  for  15  min  with  1  M-g^'nil  anti-TNFRl,  cells  were 
exposed  to  anti-mouse  IgG  for  15  min  and  then  continuously  exposed 
to  1  m-M  cop  alone  (closed  squares).  Control  treatments  were  run 
which  consisted  of  pretreatment  with  anti-TNFRl  antibody,  no  anti- 
IgG  treatment,  and  continuously  exposed  to  COP  (open  squares);  no 
pretreatment  with  anti-TNFRl  antibody,  pretreatment  with  anti-IgG 
and  continuously  exposed  to  COP  (closed  circles),  and  no  pretreatment 
and  continuously  exposed  to  COP  (open  circles).  The  arrows  indicate 
time  of  anti-IgG  exposure. 


her  studies  have  shown  that  activation  of  several 
growth  factor  receptor  systems  results  in  glucose-de- 
pendent  increases  in  extracellular  acidification  and 
sodium/H+  antiporter  activation  (Farce  et  aL,  1989; 
McConnell  et  al.,  1992;  Wada  et  al.,  1993).  TNF  has 
been  shown  to  activate  growth  factor  mitotic  metabolic 
pathways  (Manchester  et  al.,  1993).  This  would  explain 
the  early  rise  in  acidification  rate  in  cells  after  TNF-a 
treatment.  The  later  drop  in  acidification  rate  corre¬ 
lates  with  the  cytotoxic  events  that  are  activated  by 
TNF,  as  shown  by  the  observation  that  1-10  ng/ml  TNF 
cause  CEM-ClCa  cells  to  undergo  cell  lysis  after  an 
overnight  exposure.  The  increased  sensitivity  of  ClCa 
cells  may  be  due  to  the  lack  of  protective  proteins,  be¬ 
cause  these  cells  were  selected  and  cultured  in  the  pres¬ 
ence  of  G418,  a  compound  which  inhibits  protein  syn¬ 
thesis  (Tartaglia  et  al.,  1993),  similar  to  what  has  been 
described  in  the  presence  of  cycloheximide  (Kull  and 
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Fig.  8.  Quinacrine  inhibits  the  metabolic  effects  ofT^  on  CEM^S 
cells,  but  does  not  block  the  copper-potentiated  TOF 
Quinacrine  was  tested  for  its  effect  on  TNF  cj^toxicity.  A:  CEM-^ 
cells  were  loaded  in  chambers  and  pretreated  for  30  mm  with  10 
quinacrine  and  then  exposed  to  0.1  ng/ml  TNF-«  plus  quinacnne  for 
18  hr  (closed  squares)  or  media  plus  quinacnne  (open  squares),  con¬ 
trol  cells  were  mock  pretreated  with  media  alone  and  exposed  to  0.1 
ng/ml  TNF-a  for  18  hr  (closed  circles)  or  media  (open  cirele^.  ^ 
CEM-SS  cells  were  treated  as  in  A  with  the  addition  of  1  (J.M  COP  to 
the  media  at  the  time  of  TNF  ex^sure.  CeUs  «rere  " 

min  with  10  |xM  quinacrine  and  then  expos^  to  0.1  ng/ml  TOF-«  Md 
1  ulM  cop  plus  quinacrine  for  18  hr  (closed  squares)  or  media  plus  l 
uAl  COP  and  quinacrine  (open  squares).  Control  cell^ere  rawk  pr^ 
treated  with  media  alone  and  exposed  to  0.1  ng/ml  TOF-a  and  1^ 
COP  for  18  hr  (closed  circles)  or  media  plus  1  |iM  COP  (open  circles). 
The  arrow  in^cates  time  of  exposure  to  TNF. 


Cuatrecasas,  1981).  Possible  candidates  for  the  protec¬ 
tive  proteins  are  manganous  superoxide  dismutase 
(Wong  et  al.,  1989)  and  the  more  recently  proposed 
anti-oxidant  inhibitor  of  apoptosis,  Bcl-2  (H«jckenbepr, 
1993).  Preliminary  measurements  show  a  30-50 /o  o^ 
crease  in  Bcl-2  levels  by  Western  blot  analysis,  wmch 
may  be  significant.  A  10%  decrease  in  superoxide  dis¬ 
mutase  levels  in  the  CEM-ClCa  cells  by  enzymatic  as¬ 
say  suggests  that  it  is  not  a  factor  here. 

The  TNF-activated  acidification  response  was  showm 
to  be  mediated  through  the  TNF-Rl  receptor  by  the 
blocking  of  the  response  in  cells  continuously  treated 
with  monoclonal  anti-TNF-Rl  antibody  dimng  expo¬ 
sure  to  TNF-a.  The  present  study  showing  the  impor¬ 
tance  of  TNF-Rl  in  TNF  cytotoxicity  is  in  ag^ment 
with  the  recent  experiments  which  showed 
knock-out  mice  are  resistant  to  endotoxic  shock  (Pletier 
et  al.,  1993;  Rothe  et  al.,  1993)  and  the  earlier  m^tro 
work  showing  induction  of  cytotoxicity  by  a^i-TNJ?  -nl 
agonist  antibodies  (Tartaglia  et  al.,  1993).  Our  resulte 
indicate  that  the  TNF-R2  receptor  is  not  squired  lor 
the  TNF  cytotoxic  signaling  in  GEM  cells,  because  the 
GEM  cell  line  does  not  have  TNF-R2  receptors  their 
surface.  This  result  is  in  contrast  with  the  proposal  that 


TNF-R2  is  required  for  TNF  cytotoacity  which  w^ 
based  on  a  study  using  TNF-R2  trai^fec^HeU  cells 
(Heller  et  al.,  1992).  An  earlier  study  of  the  efiej^  ot 
anti-TNF-Rl  and  R2  antibody  on  the  cytotoxicity  ol 
TNF  in  U239  cells  by  Shalaby  et  al.  (1990),  suggested 
that  both  TNF  receptors  are  indepen^ntly  involved  m 
C5rtotoxic  signaling  in  these  cells,  ^ese  results  ^ 
gether  underscore  the  variable  requirement  for  c}^ 
toxic  signaling  by  TNF-Rl  or  TNF-R2  receptors  in  dif- 

A  mostitSg  effect  observed  during  this  study  wm 
that  cupric  o-phenanthroline  markedly  potentiated  the 
TNF  effects  in  the  GEM-SS  cells.  These  cells  are  resis¬ 
tant  to  TNF  cytotoxicity,  only  showing  metallic 
changes  as  measured  by  a  slight  decrease  in  the  rate  o 
acidification  over  time.  However,  when  cupnc 
o-phenanthroline  was  included  with  TNF^,  ^toxic¬ 
ity  leading  to  cell  death  occurred.  Two  factors  were 
involved:  (1)  this  effect  was  specific  for  rapper 
o-phenanthroline;  it  was  not  seen  with  feme  «^Phen^- 
timoline;  (2)  activation  of  TNF-Rl  was  i^uired.  T^e 
activity  of  the  copper  appears  to  be  dependent  upon  the 
presence  of  unbound  or  weakly  chelated  rapper  ion,  as 
indicated  by  the  observation  that  DGTA,  a  stoong  cop¬ 
per  chelator,  blocks  the  copper  activation  of  TOT  cyto¬ 
toxicity.  The  chelator  can  be  operating  in  two  different 
modes  to  inhibit  cytotoxicity.  Firstly,  DGTA  can  inter¬ 
fere  with  the  interaction  of  copper  ions  with  critical  cell 
components.  We  observed  that  copper  ^und  to  ce^o- 
plasmin  or  serum  albumin  was  not  active  m  potentiat¬ 
ing  TNF-activated  cytotoxicity  (unpublish^  observa¬ 
tion).  Secondly,  the  DGTA  can  act  by  blocking  the 
cellular  reduction  of  the  cupric  ion  to  the  cuprous  form. 
This  study  shows  that  N-acetylcysteine  and  P-mercap- 
toethanol  activate  the  cytotoxicity  of  copper  and  tMt 
this  activation  correlates  with  the  chemical  reduction 
of  the  copper.  The  data  suggest  that  reduction  of  the 
metal  ion  to  the  cuprous,  Cu(I),  form  may  be  an 
tant  step  in  the  initiation  of  copper-potentiated  lOT 
cidotoxic  effects.  It  has  been  observed  that  copper-cata¬ 
lyzed  oxidative  damage  of  DNA  bases  in  vitro  requires 
the  presence  of  a  reducing  agent  such  as  ^corbate  or 
mercaptoethanol  to  maintain  the  copper  in  the  L/U(l) 
form  that  appears  to  damage  DNA  through  a  hy^ogen 
peroxide  intermediate  (Dizdarogh  et  al.,  1990).  cu¬ 
prous  and  ferrous  ions  react  rapidly  with  hydrogen^r- 
oxide  in  a  manner  similar  to  the  Fenton  reaction  (Hm- 
liwell  and  Gutteridge,  1984)  or  with  hydrogen  peroMde 
and  superoxide,  in  the  Haber-Weiss  reaction  (McC^ord 
and  Day,  1978).  Both  reactions  result  in  the  production 
of  highly  toxic  hydroxyl  free-radicals  causing  damage 
to  nucleic  acid,  membrane  lipids,  and  other  critical  cell 
components.  In  the  GEM  cells,  some  level  of  specificity 
for  the  copper  ions  exists  because  iron  did  not  ^bstitute 
for  copper  potentiation  of  TNF  cytotoxicity.  This  may 
be  a  function  of  the  specific  intracellular  trafficking  ot 
the  copper  ion  verses  iron,  resulting  in  the  concentra¬ 
tion  of  the  copper  into  critical  subcellular  localizatiras 
with  ROS-generating  systems  such  ^  endocjaic 
vesciles  or  mitochondrial  membranes.  Our  findings 
that  BHA  did  not  inhibit  the  TNF  activation  of  copper 
cytotoxicity  in  GEM-SS  cells  suggest  that  if  ROS  is 
involved,  it  is  sequestered  in  intracellular  compart¬ 
ments  protected  from  exogenous  free-radical  trapping 
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agents,  which  is  consistent  with  an  intracellular  rather 
than  an  extracellular,  plasma  membrane,  site  of  action. 

These  present  studies  showed  that  activation  and  in¬ 
ternalization  of  TNF-Rl  are  required  for  the  cytolytic 
effects  of  copper.  The  involvement  of  TNF-Rl  for  cop¬ 
per-induced  c5rtolysis  was  demonstrated  in  experiments 
which  showed  that  pretreatment  of  cells  with  anti- 
TNF-Rl  antibody,  which  competes  with  TNF  for  bind¬ 
ing  to  the  receptor,  inhibited  copper-potentiated  cyto¬ 
toxicity  in  proportion  to  its  competition  for  binding. 
Incubation  of  the  anti-TNF-Rl  antibody  with  CEM-SS 
cells  in  the  presence  of  copper  was  not  cytotoxic;  how¬ 
ever,  when  a  second  antibody  was  added  to  cause  recep¬ 
tor  capping,  the  copper-induced  cytotoxicity  was  ob¬ 
served.  These  experiments  suggest  that  activation  and 
internalization  of  the  receptor  are  required  for  the  cyto¬ 
toxic  effects  of  copper.  In  the  experimental  system  con¬ 
taining  nontoxic  amounts  of  copper  o-phenanthroline 
and  TNF-a,  the  binding  of  TNF  to  the  receptor  serves  to 
activate  the  receptor  and  initiate  internalization  of  the 
receptor.  These  results  indicate  that  the  copper  is  being 
bound  to  the  receptor,  probably  exerting  its  effects  in¬ 
ternally  during  subsequent  receptor  processing. 

It  is  tempting  to  speculate  that  the  endocytosis  of  the 
TNF  receptor  complex,  which  has  been  reported  to  be 
necessary  for  the  TNF  cytotoxic  effects  (Fiers,  1991), 
may  be  a  vehicle  by  which  copper  is  internalized  and 
subsequently  released  in  the  acidic  environment  of  the 
endocytic  vesicles  to  exert  cell  killing  effects.  The  cyto¬ 
toxicity  resulting  from  exposure  of  cells  to  copper 
o-phenanthroline  and  a  reducing  agent  is  probably  a 
similar  effect  with  the  formation  of  Cud)  which  can 
bind  to  the  cysteine-rich  regions  of  nonligand  bound 
membrane  receptors  that  are  known  to  slowly  cycle 
through  intracellular  pools,  as  is  the  case  for  transfer¬ 
rin  receptors  (Stein  and  Sussman,  1986)  and  LDL  re¬ 
ceptors  (Basu  et  al.,  1981).  Another  possibility  is  that 
the  interaction  between  copper  and  TNF-Rl  is  indirect, 
mediated  through  a  signaling  pathway  such  as  the 
phospholipase  A2  pathway  which  has  been  implicated 
in  TNF-a  cytotoxicity  (Suffys  et  al.,  1987,  Neale  et  al,, 
1988;  Hayakawa  et  al.,  1993).  However,  the  results  of 
experiments  conducted  in  the  presence  of  a  phospholi¬ 
pase  A2  inhibitor,  quinacrine,  showed  that  quinacrine 
inhibited  the  TNF-induced  acidification  rate  response, 
but  did  not  block  the  copper-potentiated  cytotoxic  re¬ 
sponse.  These  results  suggest  that  copper-potentiated 
cytotoxicity  is  independent  of  the  phospholipase  A2 
pathway. 

In  summary,  it  is  clear  that  copper  ions  exert  cyto¬ 
toxic  effects  in  TNF-resistant  CEM  cells  and  that  this  is 
a  TNF-Rl-mediated  process.  Further  studies  will  be 
required  to  determine  the  mechanisms  leading  to  cop¬ 
per-potentiated  TNF  cytotoxicity;  however,  it  is  plausi¬ 
ble  that  the  TNF-a  activated  copper  cytotoxicity  is  re¬ 
lated  to  the  catalysis  of  reactions  generating  highly 
toxic  ROSs  in  situ. 
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